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The European Habitats Directive requires European member states to take action to protect 
the natural sites that are part of the pan-European Natura 2000 network, with the overall 
objective of maintaining or restoring habitats and protecting species. As a major threat to 
the nature conservation goals in the Natura 2000 network, nitrogen deposition is one of the 
issues that the Member States should limit to achieve good conservation status in protected 
habitats. Specifically, nitrogen emitting activities should only be authorized if their negative 
effects on Natura 2000 areas are effectively mitigated. This restriction also applies to 
livestock farms that affect protected habitats in their neigborhood through their ammonia 
emission and subsequent deposition. However, the directive does not directly address the 
way in which the impact of ammonia emissions should be assessed, leaving this decision 
to the Member States. Some countries and regions in the Atlantic biogeographical region 
of Europe, including Flanders, have established thresholds of nitrogen deposition below 
which no adverse effects on the habitats can be expected, so-called ‘critical loads’.  
In response to the European obligation of safeguarding Natura 2000 areas from excessive 
nitrogen deposition, the Flemish government came up with a policy program called the 
Programmatic Approach to Nitrogen (PAS), entailing spatially targeted restrictions to 
livestock farms with a high impact on Natura 2000-habitats. These restrictions apply to 
farms that contribute more than 5% of the nitrogen deposition relative to the critical load in 
habitats where the critical load is exceeded. If farms contribute between 5% and 50% of the 
critical load, a permit can only be granted if a farm expansion does not result in an increase 
of ammonia emissions. Farms that contribute more than 50% of the critical load cannot be 
authorized. A flanking policy was put in place to compensate farmers that cannot continue 
operations or expand their farm because of this regulation. This flanking policy entails 
financial support for company consulting, farm relocation, business reconversion or farm 
closure. This dissertation provides insights into the spatially differentiated control of 
ammonia emissions from livestock farming in Flanders, as established through the 
Programmatic Approach to Nitrogen. Specifically, the thesis delves into the significance 
framework, which decides on which farms are assumed to have a significant effect on 
Natura 2000 sites, optimal emission abatement options at the level of individual farms, the 
effectiveness of the policy in relation to critical load exceedance in critical habitats, and farm 





The Flemish government uses the so-called Significance Score as an indicator to classify 
farms according to their impact on protected habitats. This indicator is a measure of damage 
to the habitat that is most impacted by the farm, based on the ratio of the nitrogen deposition 
attributable to the farm and the critical load of the habitat. In this thesis, the Significance 
Score is contrasted to the Aggregate Deposition Score. This alternative indicator is also 
based on the ratio of the deposition to the critical load, but differs from the Significance 
Score in the sense that it sums up the impact on all affected Natura 2000 areas, rather than 
looking at the patch of protected area that is most impacted. The potential impact of 
ammonia emissions from livestock housing in Flanders was mapped for both indicators. 
These impact maps reveal the spatial implications of the choice of impact indicator. They 
highlight that the choice of impact indicator can have unintended spatial effects. The 
Significance Score neglects the total impact of ammonia emissions and focusses on 
emissions in the immediate proximity of the protected sites. The Aggregate Deposition 
Score takes the total deposition impact in multiple habitats into account but fails to protect 
smaller, more isolated sites. 
By means of an integrated mixed integer programming model, we were able to identify the 
optimal stable type and optimal emission abatement technique for every stable in Flanders. 
For farms that have a high impact because of their location close to protected habitats, the 
model can decide to reduce the output (fewer animals), to close part of the farm, to adopt a 
low ammonia emission stable type, to adopt an additional emission abatement measure, or 
a combination thereof. The choice of stable type and additional emission abatement aligns 
with the impact on Natura 2000 sites: the closer to Natura 2000 sites, the higher the need 
for more expensive and effective emission abatement options. The model also allows 
evaluation of the effectiveness and efficiency of the policy. The effectiveness of the current 
policy, that restricts the Significance Score of farms, was found to be limited, with 52.2% of 
the habitats still in exceedance of the critical load. Furthermore, alternative modeling 
scenarios indicate that the critical loads exceedance can be reduced to 45.5% for a similar 
cost incurred to livestock farmers. Due to large differences in sensitivity to nitrogen 
deposition, the effectiveness varies from one habitat type to the other. Regarding the costs, 
considerable differences were revealed between different livestock sectors.  
Nitrogen deposition in natural areas is not exclusively due to livestock farming in proximity 
to these areas. The relative share of all contributing sectors (agriculture, transport, industry, 
import from abroad) differs from one location to the other. In locations where the relative 
share of local livestock farming is large, targeting NH3 emissions by animal housing facilities 
can be sufficient to achieve non-exceedance of the critical load, while this is impossible in 




of critical loads, we simulated a scenario that imposes that the reduction of the deposition 
attributable to local livestock should be proportional to the relative exceedance of the critical 
load. If every contributing sector would follow the same proportionate reduction of 
deposition, the critical load would no longer be exceeded. This scenario allowed us to 
estimate the emission abatement costs incurred by livestock farmers if zero-exceedance of 
critical loads is to be achieved, which would amount to 206 million euros per year.  
By means of semi-structured interviews with relocated farmers, we identified concepts that 
determine the perceived success or failure of farm relocation, a policy instrument that is 
applied within the flanking policy of the Programmatic Approach to Nitrogen. About half of 
these concepts are specific for the farmer and his business and display a considerable 
heterogeneity among the respondents of our qualitative study, for example, the farmer’s 
personality or the characteristics of the farm. The financial aspects, notably the purchase 
amount and compensation fees given to relocated farmers, largely determine the 
distributive justice of farm relocation or the perceived fairness of financial compensation. 
The concepts related to the process, such as information and guidance, and legal aspects, 
determine the procedural justice or the idea of being fairly treated throughout the procedure 
of farm relocation. Lastly, concepts related to both the old and the new location are also 
essential. These concepts are not limited to physical characteristics and constraints of the 
location but include the social environment and the personal connection to the place. This 
dissertation also points to some challenges of applying farm relocation as a measure to 
decrease nitrogen deposition in Natura 2000 sites. The first point of attention is the farmers' 
support for the rationale of the farm relocation, i.e. alleviating nitrogen deposition on natural 
habitats. A second challenge relates to the role of the government in informing and guiding 
farmers through the process of farm relocation. Lastly, the search for a new farming location 
can, because of legal uncertainty in terms of permits, be facilitated by a more anticipative 
land acquisition strategy.   
In conclusion, this dissertation provides evidence that the spatially differentiated part of the 
Programmatic Approach to Nitrogen, that consists of additional emission reduction 
measures for farms having a high impact on Natura 2000 habitats, is insufficient to achieve 
non-exceedance of critical loads. This means that the objectives of a good conservation 
status and no further deterioration of the Natura 2000 sites are currently not met. This work 
points to the need for more careful consideration of the impact indicator choice, fine-tuned 
emission abatement according to location, and better communication about the rationale 






De Europese Habitatrichtlijn verplicht Europese lidstaten om actie te ondernemen ter 
bescherming van de natuurgebieden die deel uitmaken van het Pan-Europese Natura 2000 
netwerk, met als algemene doelstelling het behoud of herstel van habitats en het 
beschermen van soorten. Stikstofdepositie vormt een belangrijke bedreiging voor de 
natuurbeschermingsdoelstellingen in het Natura 2000-netwerk. Om tot een goede staat van 
instandhouding in de beschermde habitats te komen moet het dus worden aangepakt. 
Activiteiten die gepaard gaan met de uitstoot van reactief stikstof kunnen enkel worden 
toegestaan als de negatieve effecten van die uitstoot op Natura 2000-gebieden op 
effectieve wijze worden beperkt. Deze beperking is ook van toepassing op veehouderijen 
die, omwille van hun ammoniakuitstoot en daaropvolgende depositie, Europees-
beschermde habitats in hun omgeving aantasten. De Habitatrichtlijn vermeldt echter niet 
expliciet hoe de impact van ammoniakemissies moet worden beoordeeld, een beslissing 
die is overgelaten aan de lidstaten. Een aantal landen en regio’s in de Atlantische 
biogeografische regio van Europa, met inbegrip van Vlaanderen, legden drempel van 
stikstofdepositie vast waaronder geen schadelijke effecten op habitats kunnen worden 
verwacht, zogenaamde ‘kritische lasten’.  
Als antwoord op de Europese verplichting om Natura 2000-gebieden te vrijwaren van 
overmatige stikstofdepositie lanceerde de Vlaamse Regering de Programmatische Aanpak 
Stikstof (PAS), een beleidsprogramma die onder meer ruimtelijk-specifieke beperkingen 
inhoudt voor veehouderijen met een grote impact op Natura 2000-habitats. De beperkingen 
zijn van toepassing op veehouderijen die meer dan 5% van de stikstofdepositie bijdragen 
ten opzichte van de kritische last in habitats waar de kritische last is overschreden. Als 
bedrijven tussen 5% en 50% van de kritische last voor stikstofdepositie bijdragen in een 
habitat, kan een vergunning enkel worden verleend in het geval dat een bedrijfsuitbreiding 
niet resulteert in een stijging van de ammoniakemissies. Bedrijven die meer dan 50% van 
de kritische last voor stikstofdepositie bijdragen in een Europees-beschermde habitat 
kunnen niet worden vergund. Om landbouwers te compenseren die, omwille van deze 
regelgeving, hun bedrijf niet kunnen voortzetten of uitbreiden is een flankerend beleid 
uitgewerkt. Dit flankerend beleid omvat financiële steun voor bedrijfsadvies, 
bedrijfsverplaatsing, bedrijfsreconversie en bedrijfssluiting. Dit proefschrift levert inzicht in 
de ruimtelijk-gedifferentieerde beheersing van ammoniakemissies van de veehouderij in 
Vlaanderen als onderdeel van de Programmatische Aanpak Stikstof. Specifiek behandelt 
dit proefschrift het beoordelingskader, dat bepaalt welke bedrijven geacht worden een 




emissiebeperkende technieken op het niveau van individuele bedrijven, de effectiviteit van 
het beleid met betrekking tot de overschrijding van kritische lasten, en de 
bedrijfsverplaatsing als optie binnen het flankerende beleid. 
De Vlaamse regering maakt gebruik van de Significantiescore om landbouwbedrijven in te 
delen naargelang hun impact op beschermde habitats. Die indicator is een maat voor de 
schade in de habitat die het meest impact ondervindt van het bedrijf, gebaseerd op de 
verhouding van de depositie bijgedragen door het bedrijf en de kritische last van de habitat. 
In deze thesis wordt de Significantiescore vergeleken met de Geaggregeerde 
Depositiescore. Deze alternatieve impactindicator is eveneens gebaseerd op de 
verhouding van de depositie ten opzichte van de kritische last, maar verschilt van de 
Significantiescore in die zin dat het de impact op alle habitats waarop de emissiebron 
invloed uitoefent optelt, in plaats van enkel te focussen op het stukje natuurgebied dat het 
meeste impact ondervindt. De potentiële impact van ammoniakemissies van veehouderijen 
in Vlaanderen werd in kaart gebracht voor beide indicatoren. Deze impactkaarten onthullen 
de ruimtelijke implicaties van de keuze van impactindicator. Ze brengen aan het licht dat de 
keuze voor een bepaalde impactindicator onbedoelde ruimtelijke gevolgen kan hebben. De 
Significantiescore verwaarloost de totale impact van ammoniakemissies en focust op 
emissies in de onmiddellijke nabijheid van de beschermde natuurgebieden. De 
Geaggregeerde Depositiescore houdt rekening met de totale impact van een bedrijf op 
meerdere habitats, maar biedt minder bescherming aan kleinere, geïsoleerde 
natuurgebieden.  
Gebruikmakend van een geïntegreerd mixed integer programming model identificeerden 
we het optimale stalsysteem en de optimale bijkomende emissiebeperkende techniek voor 
elke stal in Vlaanderen. Voor bedrijven met een hoge impact omwille van hun ligging dicht 
bij natuurgebieden kiest het model uit de volgende opties: het verminderen van de output 
(minder dieren), een gedeelte van het bedrijf sluiten, een ammoniakemissie-arme stal 
bouwen, of een bijkomende emissiebeperkende maatregel toepassen. De keuze van 
stalsysteem en emissiebeperkende maatregelen loopt grotendeels gelijk met de impact op 
Natura 2000-gebieden: hoe dichter bij een Natura 2000-gebied, hoe meer dure en 
doeltreffende stalsystemen het model kiest. Het model laat ook toe om de effectiviteit en 
efficiëntie van het beleid te evalueren. De effectiviteit van het huidige beleid, die de 
Significantiescore van bedrijven begrenst, is beperkt, met 52.2% van de habitats in 
overschrijding van de kritische last. Alternatieve modelscenario’s laten bovendien zien dat 
de overschrijding van de kritische last kan worden verlaagd tot 45.5% van de habitats, 
zonder substantieel hogere kosten voor de landbouwers. Omwille van grote verschillen in 




afzonderlijke habitattypes kijken. Wat betreft de kosten zijn er dan weer grote verschillen 
merkbaar tussen de verschillende deelsectoren van de veeteelt. 
Stikstofdepositie in natuurgebieden is niet enkel toe te schrijven aan lokale 
veeteeltbedrijven. Het relatief belang van de verschillende sectoren die eraan bijdragen 
(landbouw, transport, industrie, het buitenland) verschilt van locatie tot locatie. In gebieden 
waar het relatieve aandeel van lokale veeteelt groot is, kan het aanpakken van de 
ammoniakemissies van stallen voldoende zijn om onder de kritisch last te geraken, terwijl 
dit in andere gebieden onmogelijk is. Om een antwoord te kunnen bieden op de vraag 
hoeveel een nuloverschrijding van de kritische last kost, simuleerden we een scenario 
waarin de reductie van de depositie bijgedragen door de veeteelt proportioneel moet zijn 
aan de relatieve overschrijding van de kritische last. Als elke sector die bijdraagt aan de 
depositie een evenredige vermindering van de depositie zou nastreven, zou de kritische 
last niet langer overschreden zijn. Dit scenario liet ons toe om de emissiereductiekosten 
voor veehouders te schatten als het doel van nuloverschrijding van de kritische last moet 
worden bereikt, wat 206 miljoen euro per jaar zou bedragen. 
Door middel van diepte-interviews met verplaatste landbouwers identificeerden we de 
aspecten die bepalend zijn voor het gepercipieerde succes of falen van de 
landbouwbedrijfsverplaatsing, een beleidsinstrument dat deel uitmaakt van het flankerend 
beleid van de Programmatische Aanpak Stikstof. Ongeveer de helft van deze aspecten zijn 
specifiek voor de landbouwer en zijn bedrijf en vertonen daarom een grote heterogeniteit 
onder de respondenten van onze kwalitatieve studie, zoals bijvoorbeeld de persoonlijkheid 
van de landbouwer of de kenmerken van het bedrijf. De financiële aspecten, met name 
vooral het aankoopbedrag en de vergoedingen, bepalen voor een groot stuk de distributieve 
rechtvaardigheid van de bedrijfsverplaatsing, of de gepercipieerde billijkheid van de 
financiële compensatie. De factoren die te maken hebben met het proces, zoals informatie 
en begeleiding, en juridische aspecten, bepalen de procedurele rechtvaardigheid, of het 
idee rechtvaardig te zijn behandeld gedurende de procedure van de verplaatsing. Tenslotte 
werden ook aspecten gerelateerd aan respectievelijk de oude en de nieuwe bedrijfslocatie 
als relevant bevonden. Het gaat hierbij niet enkel om fysieke kenmerken en beperkingen 
van de locaties, maar ook over de sociale omgeving en de persoonlijke binding met de 
plaats in kwestie. Dit proefschrift wijst ook op een aantal uitdagingen die specifiek zijn voor 
de toepassing van de bedrijfsverplaatsing als een maatregel om stikstofdepositie in 
natuurgebieden te verminderen. Een eerste aandachtspunt is het draagvlak bij landbouwers 
voor de aanleiding van de doelstelling van de bedrijfsverplaatsing, met name het 
verminderen van de stikstofdepositie op beschermde habitats. Een tweede uitdaging betreft 




van bedrijfsverplaatsing gaan. Tenslotte kan de zoektocht naar een nieuwe bedrijfslocatie, 
omwille van de juridische onzekerheid met betrekking tot de vergunningsverlening, 
gefaciliteerd worden met een meer anticipatieve grondverwervingsstrategie. 
Samengevat levert dit proefschrift bewijs dat de ruimtelijk-gedifferentieerde spoor van de 
Programmatische Aanpak Stikstof, dat bestaat uit bijkomende emissiebeperkingen 
opgelegd aan landbouwbedrijven met een hoge impact op Natura 2000-gebieden, 
onvoldoende is om een nuloverschrijding van de kritische last voor stikstof te bereiken. Dit 
betekent dat de doelstelling van een goede instandhouding en geen verdere verslechtering 
van Natura 2000-habitats op dit ogenblik niet wordt gehaald. Dit werk wijst naar een meer 
zorgvuldige afweging van de keuze van de impactindicator, gefinetunede emissiebeperking 
op basis van de locatie, en een betere communicatie over de reden en de noodzaak van 
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1.1 Tractors in the Flemish cycling classics 
Springtime in Flanders, the Dutch-speaking part of Belgium (Figure 1-1), is for many Flemish 
people synonymous with the great cycling races organized in March and April, most notably 
the Tour of Flanders and Gent-Wevelgem. In 2015, these so-called cycling classics formed 
the backdrop of a farmers’ protest. Hundreds of tractors were lined-up along the route of 
the cycling races, parked there by demonstrating farmers carrying banners with slogans 
that illustrate their displeasure with government policies (VILT, 2015a). The sources of their 
discontent included the greening measures of the Common Agricultural Policy (CAP), 
mandatory erosion measures in erosion-sensitive areas, and – most prominently – a freshly 
implemented policy named Programmatic Approach to Nitrogen (PAS, Programmatische 
Aanpak Stikstof). The aim of this policy is to bring economic development in the livestock 
sector in line with conservation goals for Natura 2000 areas, as set by the European 
Habitats Directive (The Council of the European Union, 1992). As a direct consequence of 
this policy program, farmers that had a big impact on neighboring Natura 2000 sites due to 
their ammonia emissions received a letter informing them that their permission to keep 
livestock would come to an end or would be restricted. For the farmers, this often meant 
that the long-term future of their farm was either completely gone, or otherwise seriously 
hampered. As the cycling classics are live-broadcast on television and watched by over a 
million people, the farmers’ protest got a lot of airtime and media attention.  
Of course, this was not the first time Flemish farmers took to the streets to protest against 
government policies. The 1990s and 2000s saw recurrent protests against ever more strict 
fertilization standards imposed by consecutive Manure Action Plans (MAP), in the execution 
of the European Nitrates Directive (Bogaert, 2004). Another reason for fierce farmers’ 
protests was the planned implementation of the ‘Groene Hoofdstructuur’ (green main 
structure), the delineation of 335 000 hectares of protected nature in 1994 (Bogaert, 2004). 
Partly as a result of the farmers’ resistance and increasing political pressure from the 
farmers’ associations, the plan was eventually withdrawn (Bogaert, 2004). In the protests 
against the Programmatic Approach to Nitrogen, two themes of these earlier protests 
converge: the delineation of protected natural areas and environmental policies aimed at 
controlling excess reactive nitrogen emitted by the agricultural sector. In the coming 
sections, we will explore the nature of the problem, starting with reactive nitrogen in general 
(Section 1.2), zooming in on nitrogen deposition (Section 1.3) and agricultural ammonia 
emissions (Section 1.4), before finally turning our attention to European legislation (Section 
1.5) and national policies (Section 1.6). In Section 1.7, the objectives and outlines of this 





Figure 1-1. Map of Flanders, illustrating the major cities, highways and provinces (NUTS II 
administrative units) of the region. Taken from Freeworldmaps.net (2019). 
 
1.2 Reactive Nitrogen 
1.2.1 A Janus-headed compound 
The element of nitrogen is essential to all life on earth, occurring in both amino acids, the 
molecular building blocks of proteins, and nucleotides, the building blocks of DNA and RNA. 
Nitrogen gas (N2) constitutes 78% of the earth’s atmosphere and forms a huge unreactive 
reservoir of nitrogen. In order to be available as a nutrient for living organisms, nitrogen 
needs to be in a reactive form (Nr), either oxidized (NOy) or reduced (NHx). This Nr circulates 
through the environment, from inorganic forms to biomass and back, and through different 
environmental compartments such as the soil, water and the air. Finally, it is converted back 
to N2 by denitrifying bacteria. This cyclical process is known as the nitrogen cycle. The 
natural phenomena that convert N2 to Nr feeding into this nitrogen cycle are biological 
nitrogen fixation, biomass burning and lightning (Erisman et al., 2013). In the recent history 
of humankind, the anthropogenic fixation of nitrogen started to dominate the nitrogen cycle. 
According to Fowler et al. (2013), human-induced nitrogen fixation accounts for roughly half 
of the total annual nitrogen fixation, at a total of 210 Tg N yr-1. Roughly 15% of this fixed 
nitrogen is in its oxidized form (NOy), driven by combustion sources (energy production and 
transport), while 85% is in its reduced form (NHx), driven by fertilizer production through the 
Haber-Bosch process and biological nitrogen fixation through the production of nitrogen-
fixing crops (Fowler et al., 2013). 
Reactive Nitrogen is an essential macronutrient for plants, making it indispensable for crop 




chemical synthesis of ammonia (NH3) from nitrogen gas (N2) and hydrogen gas (H2), 
drastically increased agricultural productivity (Erisman et al., 2008; Zhang et al., 2015). 
However, the increased human production of Nr came at a cost to the environment. In their 
planetary boundaries diagram, which defines the safe operating space for humanity, 
Rockström et al. (2009) pointed to the nitrogen cycle as one out of three planetary 
boundaries which are already exceeded, together with biodiversity loss and climate change. 
The parameter they used to assess the boundary of the nitrogen cycle was the amount of 
N2 removed from the atmosphere for human use, with the threshold estimated to be 35 Tg 
N yr-1 (Rockström et al., 2009). This threshold was criticized by De Vries et al. (2013) as too 
low with regards to the demand for Nr and too low in view of its environmental impacts. 
Based on the analysis of De Vries et al. (2013), Steffen et al. (2015) proposed a threshold 
of 62 Tg N yr-1 of anthropogenic nitrogen fixation in their update of the planetary boundaries, 
which is still surpassed by a large margin. Just like the head of the Roman god Janus, the 
story of Nr is thus two-sided. On the one hand, in many parts of the world, the excess of Nr 
leads to environmental problems, while on the other hand, it is essential for food security 
(Reis et al., 2016; Stevens, 2019).   
1.2.2 Environmental impacts of reactive nitrogen 
So what are the pollution problems caused by an excess of Nr? The environmental impact 
of Nr spans several environmental compartments, such as the atmosphere, surface and 
ground water, and the soil. The presence of high amounts of nitrate (NO3-) in groundwater 
and surface water impairs drinking water quality and might pose a risk to human health (Van 
Grinsven et al., 2006). Together with phosphorus (P) losses, Nr losses to water are 
associated with eutrophication of freshwater and coastal ecosystems, leading to toxic algal 
blooms, anoxia and biodiversity loss (Grizzetti et al., 2011). Nitrate leaching and runoff from 
agricultural soils is an important input of Nr to aquatic ecosystems (Bouwman et al., 2013). 
Of the reactive nitrogen entering ground and surface water in Europe, approximately 60% 
is due to agriculture, with the remaining 40% coming from discharges from sewage and 
water treatment systems (Sutton et al., 2011). Both nitrogen oxides (NOx) and ammonia are 
important air pollutants in their own right, but also contribute to the formation of fine 
particulate matter (PM2.5) and ozone (O3) (Moldanová et al., 2011). While nitrogen oxides 
are mainly emitted by combustion sources such as power plants and motor vehicles, 
agriculture is the main emission source of ammonia (Moldanová et al., 2011). The link of 
excess Nr to soil quality is more nuanced: it is purposefully applied to agricultural soils to 
enhance soil fertility, but an excess of Nr in naturally nitrogen-limited natural soils threatens 




reactive nitrogen, preventing it from entering other environmental compartments such as 
the water or the air (Velthof et al., 2011).  
Nitrogen pollution significantly contributes to climate change, with nitrous oxide (N2O) being 
a greenhouse gas 298 times as powerful as carbon dioxide (CO2) over a 100-year time 
horizon (Erisman et al., 2011). In addition, N2O is currently the most important ozone-
depleting pollutant (Ravishankara et al., 2009; Fang et al., 2019). On the other hand, Nr can 
also have an attenuating effect on climate change through its contribution to the formation 
of light-scattering aerosols and the stimulation of plant growth by increased nitrogen 
deposition (Reay et al., 2008; Butterbach-bahl et al., 2011). Nitrogen deposition also 
threatens nitrogen-sensitive ecosystems and their biodiversity, an issue that is elaborated 
further in Section 1.3. Furthermore, the effects of Nr on ecosystems are closely linked to the 
presence and effects of Nr in the environmental compartments that are in connection to 
these ecosystems. Examples of this interaction include the direct toxicity of ozone, nitrogen 
oxides and ammonia to plants and the damaging effect of eutrophication in aquatic 
ecosystems (Dise et al., 2011). The changeability of Nr in the natural nitrogen cycle has 
consequences in the perturbed nitrogen cycle: when the excess Nr moves from one form 
and one environmental compartment to the other, it causes multiple effects through time 
and space (Figure 1-2), an effect which is known as the ‘nitrogen cascade’ (Galloway et al., 
2003). Fowler et al. (2013) provide a detailed example of one atom of nitrogen contributing 
to multiple environmental effects throughout the nitrogen cascade, from the fixation of N2 
by the Haber-Bosch process to the final denitrification to N2, on its way contributing to ozone 





Figure 1-2. Simplified view of the Nitrogen Cascade. The main pollutant forms of Nr (orange boxes) 
and environmental concerns (blue boxes) are summarized. Blue arrows indicate intended nitrogen 
flows, while other arrows indicate unintended flows. Taken from Sutton et al. (2011). 
 
1.2.3 An integrated approach to a complex problem 
The total costs of nitrogen pollution in the EU alone are estimated to be between 75 and 
485 billion euros per year in 2008, giving strong support for stricter control of Nr pollution 
(Van Grinsven et al., 2013a). Reis et al. (2016) summarize the nitrogen management 
challenge as reducing nitrogen losses from agriculture, industry, transport and the energy 
sector, along with improving waste treatment. Nr pollution attributable to combustion and 
transport has been regulated more effectively than Nr pollution coming from agriculture 
(Fowler et al., 2013). According to Zhang et al. (2015) and Davidson et al. (2015), further 
improvement of the Nitrogen Use Efficiency (NUE) of crop production, defined as the ratio 
between the nitrogen in the agricultural product and the amount of nitrogen in the input of 
the production (Erisman et al., 2018), will be crucial for sustainable nitrogen management. 
Conijn et al. (2018) list five priorities to reduce Nr pollution from agriculture: the reduction of 
waste, less consumption of livestock products, a higher feed conversion efficiency, higher 
yields and a reduction of N losses from agricultural land. Houlton et al. (2019) name five 
strategic imperatives for global nitrogen management: improving the nitrogen use efficiency 




from the environment, reducing food waste and encouraging diets with low nitrogen 
footprints. In any case, an integrated approach is required to avoid pollution swapping (see 
Section 1.4.4), where the reduction of one form of Nr pollution is accompanied by the 
increase in another form (Brink et al., 2005; Reis et al., 2016; Kanter, 2018). This integrated 
perspective is required on the global scale (Morseletto, 2019), but also on the local scale 
and even at the level of individual farms (Sundrum, 2019). This fine scale is important 
because reducing the ammonia emissions at one stage can increase reactive nitrogen 
losses at a later stage (Sundrum, 2019). 
1.2.4 Reactive nitrogen in Flanders 
Due to its high population density and the presence of intensive industry and agriculture, 
Flanders is a nutrient-intensive region (Coppens et al., 2016). Agriculture is thereby 
responsible for 49% of the reactive nitrogen (Nr) lost to the environment, mainly in the form 
of nitrate NO3-  emitted to water and ammonia (NH3) and nitrous oxide (N2O) emitted to the 
air (Coppens et al., 2016; Milieurapport Vlaanderen, 2017). With nitrate predominantly 
emitted through manure application and ammonia through livestock housing, the Flemish 
livestock sector plays an important role in these environmental losses (Milieurapport 
Vlaanderen, 2017). Livestock farming dominates the output of the Flemish agricultural 
sector, grossing 61% of the 5.4 billion euro total agricultural production value in 2016 
(Departement Landbouw & Visserij, 2018). In 2017, Flanders housed 1.7 million cattle, 5.7 
million pigs and 34.2 million units of poultry (Statistiek Vlaanderen, 2018). The livestock 
density differs greatly from one region to the other, which gives rise to localized pollution 
problems in regions with an excess of manure and a high concentration of livestock farms. 
It is precisely this spatial heterogeneity in emissions and environmental impact that requires 
spatially differentiated pollution control such as envisioned in the Programmatic Approach 
to Nitrogen.  
1.3 Nitrogen deposition 
1.3.1 Definition and extent 
Nitrogen deposition is defined as the input of Nr from the atmosphere to the biosphere, 
either through precipitation (wet deposition), or in the form of aerosols or gases (dry 
deposition), with NOx and NH3 as main contributing pollutants (Hicks et al., 2011). Dry 
deposition depends on the atmospheric concentration of the gas or aerosol, the roughness 
of the terrain and the wind speed (Reay et al., 2008). Wet deposition occurs when pollutants 
are scavenged by droplets of water and afterwards deposited in the form of rain or mist 
(Reay et al., 2008). The deposition of nitrogen together with the deposition of sulphur (S) is 




dioxide (SO2). Acid deposition was responsible for widespread forest decline and 
acidification of surface waters throughout Europe in the 1970s and 1980s (European 
Environment Agency, 2014). In response to this so-called acid rain, the CLRTAP 
(Convention on Long-Range Transboundary Air Pollution) convention was established 
(UNECE, 2019), directed by the United Nations Economic Commission for Europe 
(UNECE). For the first two decades after the convention came into force, the focus was on 
the reduction of SO2 (Helsinki Protocol in 1985, Oslo Protocol in 1994), and on the reduction 
of NOx emissions (Sofia Protocol in 1988). In 1999, the multi-effect Gothenburg Protocol 
was signed, setting emission ceilings for SO2, NOx, volatile organic compounds (VOCs) and 
NH3. 
Because the reduction of sulphur emissions has been much more successful than the 
abatement of reactive nitrogen emissions in the past decades, the eutrophying effects of 
nitrogen deposition have grown relatively more important than the effects of acid deposition 
(European Environment Agency, 2014), although nitrogenous compounds also have an 
acidifying effect (see Section 1.3.2). Emissions of SO2 and NOx are expected to decrease 
further, while NH3 emissions are assumed to broadly stay constant under current policies 
(European Environment Agency, 2014). As a result, the relative share of reduced nitrogen 
(NHx) compared to oxidized nitrogen (NOy) has been increasing (Loubet et al., 2009). In 
addition to the inorganic NOy and NHx, there is also a small fraction of Dissolved Organic 
Nitrogen (DON) in the total nitrogen deposition (Hicks et al., 2011; Verstraeten et al., 2016). 
The deposition behavior of nitrogen oxides is remarkably different from the deposition 
behavior of ammonia: the deposition rate of NO (nitrogen monoxide) and NO2 (nitrogen 
dioxide) is much lower than the deposition rate of NH3 (Hertel et al., 2011). NOx has to be 
converted to nitric acid (HNO3) before deposition is efficient. Both the direct deposition of 
NOx and the conversion of NOx  to HNO3 are slow processes (Ellermann et al., 2018). On 
the other hand, NH3 has a high dry deposition velocity and therefore tends to be deposited 
close to the emission source (Loubet et al., 2009; Hertel et al., 2011; Ellermann et al., 2018). 
In 2017, the total nitrogen deposition in Flanders consisted of 59% of NHx, 32% of NOy and 
8% DON (Vlaamse Milieumaatschappij, 2018a). In Figure 1-3, the modeled nitrogen 
deposition in Flanders is shown, showing the highest loads of deposition in the West and 
North of Flanders, regions with high ammonia emissions from livestock, and elevated 
deposition along major highways, where high nitrogen oxide emissions take place (Vlaamse 
Milieumaatschappij, 2018b). The VLOPS model that is used to calculate the spread of 
nitrogen deposition is based on the Dutch OPS model (Sauter et al., 2016). The model 
calculates the concentration and deposition of particulate matter and acidifying compounds 




processes including dispersion, dry deposition, wet deposition and chemical 
transformations (Sauter et al., 2016).  
 
Figure 1-3. Modeled nitrogen deposition in Flanders in 2017, using the model VLOPS18, with 
emission data from 2015 and meteorological data from 2017. Adapted from (Vlaamse 
Milieumaatschappij, 2018a). 
 
1.3.2 Threat to biodiversity 
In the biblical Book of Exodus, the Israelites crossing the desert on their forty-year journey 
to the promised land are nourished with manna, a miraculous food endowed to them from 
the sky (Exodus 16:11-36). Similarly, nitrogen deposition provides nutrients to plants from 
the sky, with one important distinction: in the biblical story, everybody equally profits from 
the food falling from the sky, while in the case of nitrogen deposition, nitrogen-tolerant plant 
species outcompete nitrogen-sensitive species (Dise et al., 2011). The most important 
effects of nitrogen deposition on species diversity in natural and semi-natural vegetation 
are, according to Bobbink et al. (1998): 
 Eutrophication caused by the enhanced availability of reactive nitrogen, giving a 
competitive advantage to nitrogen-tolerant (nitrophilic) species; 
 Soil acidification, especially in weakly buffered soils, characterized by a lower pH, 
leaching of base cations and mobilization of toxic metals such as aluminum; 
 Increased susceptibility to secondary stress factors such as pathogens, drought and 
frost. 
Overall, the process of nitrogen deposition severely affects biodiversity in many semi-
natural and natural areas, across habitats as diverse as freshwaters, wetlands, grasslands, 




biogeographic region of Europe, Stevens et al. (2010) found that chronic exposure to high 
levels of nitrogen deposition reduces plant richness in grasslands. Species richness follows 
a curvilinear response to nitrogen deposition (Figure 1-4), indicating that an increase of 
nitrogen deposition results in a bigger loss of biodiversity for more pristine habitats that are 
currently less impacted by nitrogen deposition (Stevens et al., 2010). Furthermore, empirical 
evidence from experiments with Nr addition in grasslands, forests, heathlands and wetlands 
indicates that habitats are slow to recover from excessive nitrogen deposition, showing a 
typical pattern of hysteresis (Stevens, 2016). By assessing willingness to pay for avoiding 
deterioration of plant species richness in the UK, Jones et al. (2018) quantified the economic 
benefit of controlling nitrogen deposition. Their two main findings were that (1) avoiding 
damage in relatively low-impacted habitats has the greatest economic value and that (2) 
there is also a continued economic benefit to reducing nitrogen deposition in habitats which 
already suffer from high levels of deposition (Jones et al., 2018). 
 
Figure 1-4. Curvilinear relationship between N deposition and species richness in European 
grasslands. Each color represents data from a specific North-West European country: Belgium (red), 
Denmark (yellow), France (dark blue), Great Britain (green), Germany (brown), Ireland, Northern 
Ireland and Isle of Man (pink), the Netherlands (purple), Norway (turquoise) and Sweden (orange). 
Taken from Stevens et al. (2010). 
 
Because most plant species mainly use NO3- as a nitrogen source and NH4+ is toxic for some 
species, the increasing share of reduced nitrogen in the total nitrogen deposition influences 
the composition of the vegetation (De Keersmaeker et al., 2018). In addition to its 
contribution to nitrogen deposition, NH3 is also directly toxic to plants, causing foliar damage 
and increased susceptibility to biotic and abiotic stress (Krupa, 2003). Lichens and mosses 
(bryophytes) are more sensitive to NH3 than higher plants (Cape et al., 2009). Furthermore, 




richness of arbuscular mycorrhizal fungi in grassland soils at deposition rates as low as 7.7 
kg N ha-1 yr-1, mainly through soil acidification.   
1.3.3 Critical loads and critical levels 
Species and habitats differ in terms of their sensitivity to acid deposition and nitrogen 
deposition (Dise et al., 2011). To take these differences into account, the concept of critical 
loads was developed, defined as the maximum amount of deposition that will not cause 
long-term harmful effects on the ecosystem (Nilsson, 1988). Van Dobben et al. (2012) 
inventoried all Natura 2000-habitat types in the Netherlands and derived critical loads for 
nitrogen deposition for all of them. In order to obtain a critical load for a habitat type, 
expressed in kg N ha-1 yr-1, they relied on data from deposition experiments, or, if not 
available, on model simulations and expert knowledge (Van Dobben et al., 2012). These 
critical loads are also adopted for Flanders, and vary between 6 kg N ha-1 yr-1 for the most 
sensitive habitat type and > 34 kg N ha-1 yr-1 for the least sensitive habitat types (Hens and 
Neirynck, 2013). It is the EU’s long-term objective to not exceed critical loads for airborne 
acidifying and eutrophying substances in all ecosystem areas (European Environment 
Agency, 2018a). In 2016, in 73% of the ecosystem area in the EU28, the critical load for 
nitrogen deposition was exceeded, while only in 6.6% of the ecosystem area, the critical 
load for acid deposition was exceeded (EMEP, 2018). In Flanders, the critical load 
exceedance for nitrogen deposition amounted to 82% of the total ecosystem area in 2016, 
down from 99% in 1990 (Vlaamse Milieumaatschappij, 2018c), while the critical load for 
acid deposition was exceeded in 26% of the Flemish ecosystem area in 2016, down from 
98% in 1990  (Vlaamse Milieumaatschappij, 2018d). Recently, the concept of critical loads 
was criticized by Payne et al. (2019), who argue that the cumulative deposition over a thirty 
years window is a much more ecologically-informative metric, because recovery is unlikely 
to be rapid after nitrogen deposition falls below the critical load, an observation in line with 
what has been reported by Stevens (2016). In addition to grasslands (Stevens, 2016), also 
forest ecosystems are slow to recover from nitrogen deposition (Verstraeten et al., 2017; 
Schmitz et al., 2019). The soil solution of NO3- and the foliar N concentration, both correlated 
with N deposition, decrease with a delay of a few years after the decrease of N deposition, 
while other indicators such as tree vitality and understory vegetation show even greater 
time-lags (Schmitz et al., 2019). Although N saturation of forests diminishes with reduced 
nitrogen deposition, biotic recovery is lagging behind (Verstraeten et al., 2017). 
Furthermore, Ceulemans et al. (2019) emphasize the necessity to revise the critical loads 
used in European environmental policy, based on evidence that nitrogen deposition harms 




Because of the direct toxicity of ammonia, critical levels were established for that compound 
(Cape et al., 2009), defined as a concentration in the atmosphere above which direct effects 
may occur (Krupa, 2003; Hicks et al., 2011). Cape et al. (2009) proposed a critical level of 
1 µg m-3 for lichens and mosses, and a critical level of 3 µg m-3 for higher plants. This 
indicator was used in the UK (Hallsworth et al., 2010) and Ireland (Kelleghan et al., 2019) 
to assess the percentage area of the Natura 2000 network under threat of high NH3 
concentrations. In Flanders, no assessment of percentage area in exceedance of critical 
levels is made, but the ammonia concentrations measured at several monitoring stations 
are compared with the critical levels (Vlaamse Milieumaatschappij, 2018b). At only 7 out of 
22 monitoring stations, the annual average concentration of NH3  in 2017 was lower than 
the critical level of 3 µg m-3 for higher plants, while at none of the monitoring stations, the 
concentration was lower than the critical level of 1 µg m-3 for lichens and mosses (Vlaamse 
Milieumaatschappij, 2018b). The NH3 measurement stations are all situated in grassland or 
heathland close to or within protected natural areas (Vlaamse Milieumaatschappij, 2017a). 
1.4 Ammonia and agriculture 
1.4.1 Agricultural ammonia emissions 
The agricultural sector is by far the most important source of ammonia emissions (Behera 
et al., 2013), contributing 92% of the total NH3 emissions in the EU in 2016 (European 
Environment Agency, 2018b) and 95% of the NH3 emissions in Flanders in that same year 
(Vlaamse Milieumaatschappij, 2018b). In the period 1990-2016, NH3 emissions decreased 
by 23% in the EU (European Environment Agency, 2018b) and by 32% in the period 2000-
2016 in Flanders (Vlaamse Milieumaatschappij, 2017b).  
Agricultural ammonia mainly arises from livestock farming and the production and use of 
ammoniacal fertilizers (Behera et al., 2013). In 2016, 77% of the Flemish agricultural 
emissions were attributable to livestock farming, 16% to synthetic fertilizer use, and 7% to 
manure processing (Vlaamse Milieumaatschappij, 2018b). Within the Flemish livestock 
sector, the biggest contribution comes from cattle (45%), followed by pigs (44%) and poultry 
(9%) (Vlaamse Milieumaatschappij, 2018b). Ammonia emissions from livestock farms are 
related to the formation of Total Ammoniacal Nitrogen (TAN, NH3 + NH4+) in the manure 
(Groenestein et al., 2019). For mammals, most of the excreted nitrogen is in the form of 
urea, while for birds, nitrogen is mainly excreted in the form of uric acid (Behera et al., 2013). 
Urea and uric acid are converted to TAN and CO2 by urease and uricase respectively, 
enzymes produced by micro-organisms commonly present in the manure (Behera et al., 
2013). In addition to urea or uric acid, proteins are present in the manure that can also be 




subsequent volatilization of NH3 can occur at different stages of the manure chain (a series 
of subsequent steps in the manure management system) (De Vries et al., 2015): (1) 
excretion in the animal house, (2) storage and processing of manure, (3) transport of 
manure, (4) field application, soil tillage and in-field traffic, (5) crop uptake. It is essential to 
take all subsystems of this manure chain into account because a reduction of the emissions 
at one stage can be accompanied by an increase of the emissions at a later stage  (Cowell 
and ApSimon, 1998; Sundrum, 2019).  
The main factors promoting the formation and volatilization of NH3 from manure are higher 
temperatures, higher ventilation rates, bigger surface areas of manure exposed to the air, 
and mixing of urine and feces (Loyon et al., 2016). For emissions related to field application 
of manure, there are large variations in emissions due to environmental variables, including 
weather, soil type, soil conditions and manure properties (Bell et al., 2016). NH3 emissions 
from synthetic fertilizers are higher (per unit applied) for urea-based fertilizers (Pan et al., 
2016). Looking at the time profile of NH3 emissions, there are noticeable seasonal and 
diurnal variations (Hertel et al., 2011). The start of the growing season in spring, the months 
of March and April in Flanders, is typically the time when manure application peaks, giving 
a concurrent peak in ammonia emissions and concentrations (Hendriks et al., 2016). 
Furthermore, ammonia emissions from manure storage and livestock housing increase with 
temperature, which explains why the emissions in winter are about half of those during the 
summer months (Hendriks et al., 2016). This temperature effect also causes a 25% 
variability in emissions, looking at the diurnal variations (Hendriks et al., 2016). 
Lastly, ammonia emissions from agriculture are characterized by a large number of point 
sources (livestock housing, manure storage facilities) and more diffuse sources (fields and 
meadows) spread throughout the countryside, giving rise to a high variability in ammonia 
concentrations (Dragosits et al., 2006; Loubet et al., 2009; Vogt et al., 2013). 
1.4.2 Link to particulate matter formation and odor nuisance 
Through atmospheric reactions involving H2SO4 (sulphuric acid) and HNO3 (nitric acid), NH3 
contributes to the formation of secondary fine particulate matter (PM2.5), in the form of 
NH4NO3 (ammonium nitrate) and (NH4)2SO4 (ammonium sulphate) aerosols (Erisman and 
Schaap, 2004; Backes et al., 2016; Bauer et al., 2016). Backes et al. (2016) modeled the 
effect of ammonia emission reduction on the formation of secondary aerosols, concluding 
that a 50% reduction in NH3 emissions would result in 24% reduction of total PM2.5 
concentrations in northwest Europe. Pozzer et al. (2017) found that a 50% reduction of NH3 
emissions would reduce the number of deaths attributable to air pollution by 52 000 people 




agricultural emissions generates net social benefits (Giannadaki et al., 2018). In addition to 
its clearly established link with particulate matter pollution, there is also a strong correlation 
between the emissions of NH3 and odor nuisance responses in rural populations (Blanes-
Vidal et al., 2012; Cantuaria et al., 2017), suggesting that NH3 exposure can be used as a 
predictor of odor annoyance in population studies (Blanes-Vidal et al., 2012).  
1.4.3 Mitigation options 
Most ammonia mitigation measures are based on one of the following principles: (1) 
Reducing the nitrogen content in livestock excreta, for example by reducing the protein 
content in feed, (2) reducing the hydrolysis of urea by urease, for example by separating 
solid manure from urine, (3) reducing the chance of volatilization of ammonia, for example 
by covering stored manure or injecting the manure upon field application, (4) cleaning the 
NH3-containing air with air scrubbers. In a meta-analysis of NH3 mitigation measures, Ti et 
al. (2019) list the following strategies to reduce NH3 emissions: 
 Feeding strategies: dietary supplements, reducing crude protein in feed; 
 Housing strategies: floor management, air cleaning system, urease inhibitors; 
 Storage strategies: cover of manure, acidification of manure; 
 Field management: separation of manure, low-emission application of manure; 
 Fertilizer source: Non-urea based fertilizers, urease inhibitors, low-emission 
application of fertilizer. 
In their report for the UNECE, Bittman et al. (2014) document a similar list of abatement 
measures, supplemented with other measures related to agricultural nitrogen, including 
grazing for ruminants, which decreases the emissions due to the separation of urine and 
feces. Brusselman et al. (2015) drew up a document describing ammonia emission 
abatement options to provide scientific support to the Flemish ammonia policy. They 
supplemented the abatement options described by Bittman et al. (2014) with measures 
related to landscape management (Brusselman et al., 2015), following the observation that 
the spatial heterogeneity of NH3 sources and sinks provides the foundation for spatial 
planning approaches (Vogt et al., 2013). Possible landscape management options include 
tree rows and hedges around meadows, and tree belts surrounding livestock facilities 
(Bealey et al., 2014, 2016; Brusselman et al., 2015). Rather than decreasing the NH3 
emission, these measures have the potential to reduce the effect of NH3 on target locations 
such as nature reserves (Dragosits et al., 2006; Vogt et al., 2013; Bealey et al., 2014). 
The concept of the Nitrogen Use Efficiency (NUE) as a metric for assessing the impact of 
Nr pollution in general is useful for assessing mitigation measures along the whole 




the highest NH3 emissions and vice versa (Groenestein et al., 2019). Improving the NUE 
reduces N-surplus and hence Nr lost to the environment (Oenema et al., 2009; Van 
Grinsven et al., 2013a). 
1.4.4 Pollution swapping 
The problem of pollution swapping, that was already mentioned in Section 1.2.3 as an 
inherent risk in the control of Nr pollution, is certainly also a source of concern for the 
mitigation of NH3 from agriculture. In addition to being the most important emission source 
of NH3, agriculture also contributes to global warming through the emission of methane 
(CH4) and nitrous oxide (N2O). An example of pollution swapping from one pollutant to the 
other is the increase of N2O emission due to deep injection of manure, a measure taken to 
reduce the NH3 emissions from manure application (Brink et al., 2005; De Vries et al., 2015). 
The trade-off between N2O and NH3 emissions is therefore crucial in the choice of timing 
and method of manure application (Bell et al., 2016). Another example is the covering of 
solid manure, which decreases NH3 emissions but increases CH4 and N2O emissions (Hou 
et al., 2015). 
Pollution swapping is not limited to gaseous emissions: NH3 emissions from manure 
application are lower under cool and humid conditions, conditions that increase nitrate 
leaching to the groundwater (Brink et al., 2005). An integrated approach is needed to 
effectively mitigate emissions of one compound without increasing the emission of another 
(Brink et al., 2005). De Vries et al. (2015) came up with the concept of integrated manure 
management: reducing the environmental impact throughout the manure management 
systems and at the same time preventing pollution swapping. In any case, the issue of 
pollution swapping provides a reason to evaluate mitigation measures in the context of the 
whole farm (Loyon et al., 2016).  
1.5 European legislation regarding ammonia deposition 
1.5.1 Habitats Directive 
The Habitats Directive (92/43/EEC, The Council of the European Union, 1992) is, together 
with the Birds Directive (The European Parliament and the council of the European Union, 
2009), the main piece of EU nature legislation (European Commission, 2016). While the 
Birds Directive, originally adopted in 1979, focusses on the protection of all bird species and 
their habitats, the Habitats Directive intends to conserve 1200 other species of wild animals 
and plants, along with 231 habitat types (European Commission, 2016). Overall, the aim is 
to protect and enhance biodiversity in the EU, by maintaining or restoring habitats and 




Directive, member states were asked to designate Special Areas of Conservation (SACs), 
while the Birds Directive required them to designate Specially Protected Areas (SPAs) 
(Levin et al., 2018). These areas each have specific conservation objectives and are part 
of the pan-European Natura 2000 network (European Commission, 2016). In 2015, the 
nature directives underwent a Fitness Check, consisting of stakeholder consultation and 
extensive evidence gathering (European Commission, 2016). The conclusion of the Fitness 
Check is that the directives improved nature conservation in the EU and that a revision was 
not necessary (Ferranti et al., 2019). 
The specific objectives of both nature directives can be summarized as follows (European 
Commission, 2016): 
 Ensuring that the most important sites are protected and managed within the Natura 
2000 network; 
 Encouraging member states to take habitat conservation measures beyond the 
Natura 2000 network; 
 Member states must establish a strict protection regime for all species listed in 
Annex IV of the Habitats Directive; 
 Member states must ensure adequate knowledge, data availability and awareness 
to underpin implementation of the directives. 
Member states are free to select Natura 2000 sites, but the designation should be 
exclusively based on scientific grounds (European Commission, 2016). Furthermore, 
member states are free to implement management plans for their Natura 2000 sites, 
including specific conservation measures, restrictive measures and general measures 
(Bouwma et al., 2018). However, questions remain to what extent management plans can 
help solve complex problems such as nitrogen deposition, which requires the co-operation 
and agreement of many stakeholders (Bouwma et al., 2018). An additional complication is 
the transboundary nature of nitrogen deposition (Hicks et al., 2011). 
Although the issue of nitrogen deposition is not explicitly mentioned in the Habitats 
Directive, Article 6 of the Directive requires member states to take action to limit the 
deleterious effects of nitrogen deposition in Natura 2000 sites (Schoukens, 2017): 
 Article 6(1). Achieving a good conservation status for Natura 2000 sites. High levels 
of nitrogen deposition impede achieving such a good status. 
 Article 6(2). No deterioration obligation. To avoid further deterioration, N deposition 
should be reduced, preferably to levels below the critical load of the habitat; 
 Article 6(3). Appropriate assessment of plans and projects that likely have a 




will not adversely affect the integrity of Natura 2000 sites. This also applies to 
nitrogen emitting activities, including livestock farms: it must be ensured their 
negative effects are effectively mitigated when authorized;  
 Article 6(4). A plan or project with overriding public interest may be authorized, even 
in the presence of negative Nr impacts. Private activities such as livestock farms do 
not meet the strict derogation standards set out by this article.  
Although it does not directly address nitrogen deposition, the Habitats Directive thus forces 
member states to tackle the problem, in order to achieve favorable status of protected sites. 
Moreover, they have to consider the issue when granting permits to nitrogen emitting 
activities. Because the Directive does not directly address specific types of pollution, there 
is no common approach for determining the impacts of nitrogen deposition on Natura 2000 
sites (Pinho et al., 2018). Therefore, it is up to the member states to decide on how to make 
the assessment laid out by Article 6(3) of the Directive (Whitfield and Mcintosh, 2014). Most 
member states in the Atlantic biogeographical region of Europe have established thresholds 
of deposition below which “no adverse effects on integrity” can be concluded, either based 
on the absolute amount of nitrogen or a value relative to the critical load, and use this 
threshold for the assessment (Whitfield and Mcintosh, 2014). 
1.5.2 Other European legislation relevant to nitrogen and agriculture 
Apart from the UNECE conventions already mentioned in Section 1.3.1, there are specific 
EU directives regarding air pollution caused by Nr: 
 Ambient Air Quality Directive (2008/50/EC, The European Parliament and the 
council of the European Union, 2008): critical levels of NOx for vegetation, limit 
values and alert thresholds for NOx for human health, target and limit values for 
PM2.5;  
 Industrial Emissions Directive (IED, 2010/75/EU, The European Parliament and 
European Council, 2010): large poultry farms (> 40 000 places for poultry) and large 
pig farms (> 2000 places for finisher pigs, or > 750 places for sows) are obliged to 
adopt best available techniques (BAT) to reduce emissions; 
 National Emissions Ceilings (NEC) Directive (2016/2284/EU, The European 
Parliament and the council of the European Union, 2016): sets national emission 
reduction targets for NOx, NMVOCs (non-methane volatile organic compounds), 
SO2, NH3 and PM2.5 for the years 2020 and 2030. 
The overall EU objectives for pollutants contribution to nitrogen deposition, set by the NEC 
directive, are -63% for NOx and -19% for NH3 in 2030, both compared to the 2005 emissions 




2% in 2020, and -13% in 2030, both compared to the emission level in 2005 (Vlaanderen 
Departement Omgeving, 2018). According to the European Environment Agency (2019), 
Belgium is on a track to miss its 2030 target for NH3. Furthermore, in contrast to the other 
pollutants controlled by the NEC Directive, NH3 emissions increased between 2013-2017 
for four consecutive years (European Environment Agency, 2019). The national emission 
reductions agreed in the NEC Directive are a result of a political agreement, resulting in an 
unequal distribution of required efforts and, consequently, ecosystem damage from nitrogen 
deposition (Hettelingh and Posch, 2019). Hettelingh and Posch (2019) studied the effect of 
the NEC targets on the exceedance of critical loads for nitrogen deposition in the EU28, 
comparing it with scenarios where gradual emission reductions are imposed based on the 
total surface area of a country (areal-equity), the total population of a country (per capita-
equity), and a country’s GDP (GDP-equity). In all of the equity scenarios, the overall 
objectives set under the NEC Directive are met. While the 2030 targets under the NEC 
Directive lead to 67% exceedance of the critical loads in the European ecosystem areas, 
the GDP-equity scenario results in 61% exceedance (Hettelingh and Posch, 2019). The 7th 
Environment Action Programme (EAP) states that air pollution and its impacts on 
ecosystems and biodiversity should be further reduced with the long-term aim of not 
exceeding critical loads and levels (The European Parliament and the council of the 
European Union, 2013), providing a rationale for more ambitious NEC targets after 2030. 
The non-exceedance objective for the critical load for nitrogen was also adopted by the 
Flemish government, with 2050 as the target year (Vlaanderen Departement Omgeving, 
2018).  
The European legislation relevant to our story of nitrogen deposition in Natura 2000 areas 
extends beyond legislation linked to emission to the air on the one hand, and nature 
legislation on the other hand. Although aimed at reducing water pollution caused by nitrate 
from agricultural sources, the adoption of the Nitrates Directive (91/676/EEC, The Council 
of the European Communities, 1991), resulted in a reduction of ammonia emissions (Velthof 
et al., 2010).  
A large share of the EU’s expenditure, 37.5% of the budget in the period 2014-2020, is 
allocated to the Common Agricultural Policy (CAP), consisting of direct payments to farmers 
and subsidies for rural development (Navarro and López-Bao, 2018). Although price 
support from the CAP shifted from payments directly coupled to production to so-called 
decoupled payments (Buysse et al., 2007), member states are still allowed to allocate a 
maximum of 13% of the total income support budget to the so-called ‘voluntary coupled 
support’, for sectors including sheep meat, goat meat, beef and veal (European 




production and its linked emissions would be lower in the absence of this support. According 
to Giannadaki et al (2018), the current reform of the CAP could be an opportunity to shift 
agriculture towards integrated N management, including NH3 abatement, while Hodge et al. 
(2015) point to the underfunding of the Natura 2000 network compared to the funds provided 
for the CAP. They advocate the integration of agriculture and conservation policies, with 
more funds targeted towards biodiversity goals and ecosystem services (Hodge et al., 
2015).  
1.6 Programmatic Approach to Nitrogen (PAS) 
1.6.1 General principles 
In response to the Article 6 obligation of safeguarding Natura 2000 areas from excessive 
nitrogen deposition, the Flemish Government came up with a policy program called the 
Programmatic Approach to Nitrogen (PAS), consisting of a dual-track policy with generic 
targets for the reduction of Nr emissions to the air on the one hand, and spatially targeted 
policies aimed at emitters with a high impact on nitrogen deposition in Natura 2000 habitats 
on the other hand (Vlaanderen Departement Omgeving, 2018). The ultimate goal is to 
reconcile ecology with the economy, by making sure that it is still possible to permit nitrogen-
emitting activities while assuring that the status of nitrogen-sensitive habitats is improved 
(Schoukens and Larmuseau, 2017). Furthermore, a balance is sought between reducing Nr 
emissions and restoring the habitats through on-site conservation measures in the Natura 
2000 areas (Vlaanderen Departement Omgeving, 2018). The Flemish Air Policy Plan 2030 
elaborates on the two tracks of the PAS (Vlaanderen Departement Omgeving, 2018): 
 The first track consists of the generic emission reduction policy for reactive nitrogen 
for the sectors transport, industry, energy, commerce & services, households and 
agriculture; 
 The second track consists of additional emission reduction measures for emitters 
that have a high impact on Special Areas of Conservation, imposed at the moment 
that the permit is granted. 
1.6.2 Significance framework 
It is this second track that forms the basis of the farmers’ protest described in Section 1.1. 
Specific measures apply to farms that have – through their ammonia emission - a significant 
contribution to nitrogen deposition in Special Areas of Conservation, based on a so-called 
‘significance framework’ (Vlaanderen Departement Omgeving, 2018). For each farm for 
which a permit is requested, an appropriate assessment is made, according to the following 




 The impact of the farm relative to the critical load in all (present and planned) 
habitats in the Special Area of Conservation is calculated by atmospheric deposition 
and dispersion modeling (Figure 1-5, left side). The highest percentage contribution 
to the critical load of all habitats affected, for a cumulated surface area of 401 m²,  
constitutes the Significance Score. The cut-off of 401 m² was chosen in order to 
make sure that not too much weight is given to very small patches of protected 
habitat; 
 Based on this significance score, farms are divided into three significance classes, 
each represented by a color (Figure 1-5, right side): 
o Green - Significance Score < 5%: the contribution is considered insignificant 
and the permit can be granted; 
o Orange - Significance Score >= 5% and < 50%: the contribution is 
considered significant. A permit cannot be granted for any farm expansion 
resulting in an increase of the ammonia emissions; 
o Red - Significance Score >= 50%: the contribution is considered significant 
and a permit cannot be granted.  
 
Figure 1-5. Assessment of the significance of a farm to nitrogen deposition in a Natura 2000-habitat. 
Calculation of significance score by atmospheric dispersion and deposition modeling (left side), 
followed by significance class assignment (right side). The left side of the figure is based on Beliën 
(2014). 
 
In 2014, all livestock farmers in Flanders received a letter informing them about their 




‘orange’ letter. The problem of nitrogen deposition in Natura 2000 was mostly unknown to 
farmers before they received this letter, while at the time, it was unclear what compensation 
measures would be foreseen to farmers impeded in the development of their farm. This 
explains why these letters sparked an outrage that ultimately led to the farmers’ protest in 
the spring of the following year (VILT, 2015b, 2015a). After a revision of the delineation of 
prospective Special Areas of Conservation, a shift of the threshold for ‘orange’ farms from 
3% to 5%, and a review of the model calculations, the number of ‘red’ farms dropped to 54, 
while the number of ‘orange’ farms reduced to 498 (Kenter bvba, 2018). The change of 
threshold from 3% to 5% came after political pressure from farmers associations 
(Boerenbond, 2016). In the meantime, a flanking policy was put in place to compensate 
farmers that cannot continue or expand their farm because of their contribution to nitrogen 
deposition in Natura 2000 areas (Vlaamse Landmaatschappij, 2017a, 2017b). 
1.6.3 Flanking policy 
The flanking policy for ‘red’ farms was approved in 2015 and applies to farms with a 
significance score higher than 50% (Vlaamse Landmaatschappij, 2017a), while the flanking 
policy for ‘orange’ farms, that have a significance score between 5 and 50%, was approved 
in 2017 (Vlaamse Landmaatschappij, 2017b). The flanking policy entails payments for the 
following restructuring measures (Vlaamse Landmaatschappij, 2017a, 2017b): 
 Company consulting: obtaining advice from a recognized advisory service; 
 Farm relocation: the voluntary transfer of a farm or part of a farm to an area where 
it can develop sustainably; 
 Business reconversion: the voluntary adjustment of a farm, so that a decrease of 
ammonia emissions is obtained;  
 Farm closure: the voluntary termination of a farm or part of a farm; 
 Purchase obligation: the obligation by the Flemish government to purchase a farm 
or part of a farm that is voluntarily offered for sale. 
For each piece of real estate linked to a farm (such as a stable), only one of these flanking 
measures can be applied, with the exception of company consulting and the purchase 
obligation (Vlaamse Landmaatschappij, 2017a). An independent land commission 
estimates the value of the parts of the farms involved in the restructuring measures and 
decides on the compensation payments given to the farmers (Vlaamse Landmaatschappij, 
2017a). In order to be eligible for compensation payments, ‘orange’ farms need to prove 
they have expansion plans that cannot be executed due to a projected increase of ammonia 
emissions (Vlaamse Landmaatschappij, 2017b). Furthermore, regularly updated lists of 




Flemish Research Institute for Agriculture, Fisheries and Food (ILVO, 2019), form an official 
catalogue of measures farmers can implement to reduce their ammonia emissions (Kenter 
bvba, 2018). ‘Orange’ farmers can get a subsidy for investing in a low-ammonia emission 
stable type from these lists (Vlaamse Landmaatschappij, 2017b). Likewise, every newly 
built pig or poultry house should be of a type included in the list (Kenter bvba, 2018).  
1.6.4 Restoration measures 
The second pillar of the Flemish PAS, in addition to emission source-related measures, is 
restoration management, which has the objective of mitigating the negative effects of 
nitrogen deposition on the ecological quality of protected habitats (De Keersmaeker et al., 
2018). For all Special Areas of Conservation where the critical load for nitrogen deposition 
is exceeded, experts assess the most efficient restoration measures and their prioritization 
(Kenter bvba, 2018). The choice of restoration measures depends on the Natura 2000 area, 
the level of nitrogen deposition and the habitat type (De Keersmaeker et al., 2018). While 
most of the restoration measures aim to decrease the nitrogen supply in the habitat  (e.g. 
removing the top layer of the soil, grazing, mowing, etc.), some measures tackle other 
problems that aggravate the effects of nitrogen deposition (eg. hydrological restoration) 
(Kenter bvba, 2018). De Keersmaeker et al. (2018) make a distinction between A-habitats 
and B-habitats. In A-habitats, the impact of nitrogen deposition is so pronounced that the 
effectiveness of restoration measures is very limited, while in B-habitats, restoration 
measures are more effective (De Keersmaeker et al., 2018). In A-habitats, the exceedance 
of the critical load is so pronounced that restoration measures aimed at removing nitrogen 
from the natural area cannot keep up with persisting high rates of nitrogen deposition. The 
limits to the effectiveness of restoration management in A-habitats are largely due to the 
following reasons (De Keersmaeker et al., 2018): 
 The effectiveness of the restoration measures are limited in time;  
 Not all effects of nitrogen deposition can be remediated at the same time; 
 The restoration measures themselves can have considerable negative effects on 
certain species or groups of species. 
1.6.5 Spatially differentiated ammonia policies in the Netherlands, Denmark and Germany 
Evidently, the problem of ammonia-emitting livestock farms in proximity to Natura 2000 
areas coming into conflict with the objectives of the Habitats Directive is not limited to the 
region of Flanders. Other countries and regions in the Atlantic biogeographic region of 
Europe, such as the Netherlands, Lower Saxony (Germany) and Denmark, also face the 
threat of nitrogen deposition to the conservation status of Natura 2000 habitats (Whitfield 




their own Integrated Approach to Nitrogen, which is, just as in Flanders, dubbed 
‘Programmatic Approach to Nitrogen’ (PAS) (De Heer et al., 2017). As in the Flemish PAS, 
the integrated approach rests upon two pillars: (1) the reduction of reactive nitrogen 
emissions and (2) mitigating the adverse effects of N deposition through appropriate 
restoration and management measures (Schoukens, 2017). Another similarity with 
Flanders is that the Dutch PAS explicitly aims to reconcile ecological restoration with 
economic development (De Heer et al., 2017). In order to achieve that goal, the concept of 
‘room for deposition’ was created: current policies, autonomous development and generic 
emission measures decrease deposition in Natura 2000 areas, after which part of this 
deposition can be added in again by newly licensed nitrogen emitting activities in the 
neighborhood of these Natura 2000 areas (Maltha et al., 2015). This room for deposition is 
specific for each hectare of Natura 2000 area, and is divided over four segments (Maltha et 
al., 2015): 
 Autonomous growth, such as increases in population or traffic; 
 Initiatives with a nitrogen emission below the limit value of 1 mole per hectare per 
year; 
 Room for development for high priority projects, such as road infrastructure; 
 Freely available room for development that can be used to permit nitrogen-emitting 
projects above the limit value of 1 mole per hectare per year.  
Recently, the Dutch PAS came under juridical scrutiny, with the Dutch Council of State 
arguing that the PAS insufficiently guarantees the improvement of the ecological status of 
the involved habitats, rendering the implementation of the PAS for permitting nitrogen 
emitting activities highly insecure (VILT, 2019a). 
In Denmark, the problem of ammonia deposition is controlled to the implementation of buffer 
zones of 300 m and 1000 m, respectively, around sensitive ecosystems (Hertel et al., 2013). 
Within the 300 m buffer zones, the establishment of new livestock units with more than 15 
animal units is prohibited, while an increase of existing livestock units is also not allowed 
(Hertel et al., 2013). Within the 1000 m buffer zone, a maximal transfer of 0.7 kg N ha-1 yr-1 
to the nearest habitat is allowed, under the condition that there are no other farms with over 
75 livestock units within 1000 m of the farm (Hertel et al., 2013). In Germany, a project can 
only be approved if the project-related nitrogen deposition to the Natura 2000 site remains 
below 0.3 kg N ha-1 yr-1 and below 3% of the critical load, unless the critical load is not 




1.6.6 Alternative policy options 
The spatially differentiated ammonia policies in Flanders, the Netherlands, Germany and 
Denmark have in common that they work through limiting the permitting of livestock farms 
in the immediate vicinity of Natura 2000 habitats. Options that mitigate ammonia deposition 
through land management, such as through agro-forestry or the planting of tree belts around 
sources and sink areas (Dragosits et al., 2006; Bealey et al., 2014, 2016), remain largely 
unused, although they would be a valuable supplement to emission reduction measures. 
Brusselman et al. (2015) conclude that more research is needed in real-life circumstances 
in order to properly quantify the effectiveness of such measures. Furthermore, economic 
instruments could be considered as an alternative to the regulatory instrument of targeting 
emission sources through non-tradable licensing policies. A first such option could be a 
system of tradable nitrogen abatement, taking into account the spatial heterogeneity of the 
environmental impact of nitrogen emissions (Hansen et al., 2019). Alternatively, a spatially 
differentiated nitrogen tax could be considered (Lungarska and Jayet, 2018).  
Clearly, a general reduction of livestock numbers would partially alleviate the problem of 
nitrogen deposition in Natura 2000 habitats, while at the same time tackling other 
externalities related to livestock production. In a report for the RISE (Rural Investment 
Support for Europe) Foundation, Buckwell and Nadeu (2018) conclude that the current 
livestock production and consumption in Europe is unsustainable, advocating that the EU 
should take action to move it into a ‘Safe operating space’ in light of externalities such as 
climate harm, water and air pollution, and harm to biodiversity. According to Leip et al. 
(2015), the European livestock sector is responsible for 73% of the agricultural impact of 
nitrogen and phosphorus losses to water and 80% of the agricultural impact to air quality, 
soil acidification and global warming. Furthermore, they point to the responsibility of 
consumers in choosing their diet (Leip et al., 2015). van Grinsven et al. (2015) conclude 
that extensification would be beneficial in terms of decreased eutrophication in terrestrial 
ecosystems, although extensification is only sustainable when combined with adjusted diets 
and internalization of environmental costs. Westhoek et al. (2014) calculated that a 50% 
reduction of the consumption of livestock products in the European Union would result in a 
decrease of the deposition of reduced nitrogen with about 40%.  
1.7 Objectives and outline 
1.7.1 General research objective and scope  
The general objective of this thesis is to gather insights into the spatially differentiated 
control of ammonia emissions from livestock farming, as established through the Flemish 




livestock farms with a high impact on nitrogen deposition in Natura 2000 habitats, through 
the conditional permitting of emissions from animal housing and manure storage. Therefore, 
ammonia emissions further down the manure chain, such as during manure application, are 
not part of the scope of this dissertation. When we discuss Natura 2000 habitats or Natura 
2000 areas in the following chapters of this dissertation, we specifically refer to Special 
Areas of Conservation protected by the Habitats Directive, not to Special Protection Areas 
protected by the Birds Directive. 
Figure 1-6 gives an overview of the PAS, with the aspects that are part of the sensu stricto 
scope of this thesis highlighted in green. These topics are discussed in the following five 
chapters of this thesis (see Section 1.7.2). The scope sensu lato extends beyond the track 
of the PAS that focusses on spatially targeted emission reduction, as the other aspects of 
the PAS are also touched upon in this thesis, primarily in this introduction (Chapter 1) and 
in the discussion (Chapter 7). Furthermore, the findings discussed in this thesis are valuable 
for other pollution problems characterized by a high number of polluters and a high degree 
of spatial heterogeneity of the impact.  
 
Figure 1-6. Overview of the Flemish Programmatic Approach to Nitrogen, with the sensu stricto 
scope of this thesis highlighted in green. 
 
1.7.2 Thesis outline 
This section gives an overview of the remainder of this thesis. Figure 1-7 shows how each 
of the chapters is connected to the scope. We look in detail at the significance framework 
that decides which farms are assumed to have a significant effect on Natura 2000 sites 




abatement techniques versus output reduction) at the level of individual farms (Chapter 3), 
the effectiveness of the policy in relation to critical loads exceedance in habitats (Chapter 
4), and farm relocation as a restructuring option within the flanking policy (Chapter 6). 
Chapters 3, 4 and 5 are methodologically linked through the use of mixed integer 
optimization modeling. Chapter 3 outlines the model in detail, after which it is applied in 
Chapter 4, while key model submodules, parameters and assumptions are scrutinized in 
Chapter 5. Chapter 6 shifts the focus to the farmers’ perspective, based on interviews with 
farmers and other actors involved in farm relocation within different contexts including the 
PAS. Chapter 7 wraps-up the main findings of this thesis, along with discussing major 
limitations of this work, policy implications, and possible tracks for future research. 
The following specific research questions are addressed in the thesis:  
 Can we map the potential impact of ammonia emissions on protected natural 
areas? (Chapter 2) 
 What are the geographical implications of the choice of indicator used to assess 
the impact of ammonia emissions? (Chapter 2) 
 What is the optimal emission abatement option at the level of an individual farm 
(Chapter 3) 
 Is the Flemish agricultural ammonia policy, based on the farm-level assessment of 
the significance of the impact, effective and efficient? (Chapter 3, Chapter 4) 
 What are the emission abatement costs for livestock farmers if the long-term target 
of non-exceedance of critical loads for nitrogen is to be met? (Chapter 4) 
 What is the sensitivity of the mixed integer optimization model, applied in Chapters 
3 and 4, to key model parameters and assumptions? (Chapter 5) 
 Which factors determine the outcome of farm relocation? (Chapter 6) 
 What are specific challenges concerning farm relocation in the context of the 
Flemish ammonia policy? (Chapter 6) 
 










2 CHAPTER 2 
Mapping impact indicators to link airborne 
ammonia emissions with nitrogen 
deposition in Natura 2000 sites 
Based on: De Pue, D., Roet, D., Lefebvre, W., and Buysse, J. 2017. Mapping impact indicators to 
link airborne ammonia emissions with nitrogen deposition in Natura 2000 sites. Atmospheric 
Environment, 166: 120–129. Elsevier Ltd. http://dx.doi.org/10.1016/j.atmosenv.2017.07.020. 
Abstract 
Ammonia (NH3) deposition in natural areas is a pollution problem that is suited for spatially 
differentiated pollution control. The heterogeneous impact of nitrogen deposition from 
airborne ammonia emissions could serve as the basis for differentiated policy measures. In 
this chapter, maps were developed that show the potential impact of ammonia emissions 
on protected Natura 2000 sites in Flanders. These maps link the output of atmospheric 
dispersion and deposition models with data on the nitrogen sensitivity of protected habitats 
in the Flemish Natura 2000 network. The maps demonstrate that the indicator used for 
impact assessment is a crucial factor in the design of the spatially differentiated policy. The 
currently used impact indicator in Flanders, the Significance Score, was compared with the 
Aggregate Deposition Score, an alternative that is a better reflection of the total damage 
caused by airborne ammonia emissions in nearby Natura 2000 sites. Both indicators are 
based on the ratio of ammonia deposition to the critical load of nitrogen of the impacted 
habitat. While the Significance Score reflects the impact in the habitat that is most affected 
by the emission source, the Aggregate Deposition Score takes into account the impact in 
all habitats affected by the source. Spatial effects related to the choice of impact indicator 
were evaluated. The results indicate that the choice of impact indicator has a decisive role 





Emissions of nitrogen oxides (NOX) and ammonia (NH3) to the atmosphere lead to 
eutrophying deposition (Erisman et al., 2013), which causes an increased availability of 
nitrogen and subsequent decline of nitrogen sensitive species by more nitrophilic plants 
(Bobbink et al., 1998). Atmospheric reactive nitrogen (Nr) also has direct impacts on 
vegetation diversity, through foliar damage and susceptibility to secondary stress (Bobbink 
et al., 1998). In Flanders, Belgium, 59% of the total eutrophying deposition is attributable to 
reduced nitrogen (NHx), 32% to oxidized nitrogen (NOy) and the remaining 9% to dissolved 
organic nitrogen (DON) (Vlaamse Milieumaatschappij, 2018a). In the EU-28 (the 28 
member states of the European Union), agriculture is responsible for 94% of the NH3 
emissions, while the main sources of NOX are road transport (39%), energy production and 
distribution (17%) and commercial institutions and households (14%) (European 
Environment Agency, 2018a). In order to reduce the harmful effects of Nr on biodiversity, it 
is crucial to control emissions of nitrogen compounds to the atmosphere (Bobbink et al., 
1998). Between 1990 and 2016, the total emissions of NH3 in the EU-28 decreased by 23% 
(European Environment Agency, 2018b). In the same period, NOX emissions decreased by 
58% (European Environment Agency, 2018b). On a global scale, emissions of Nr are 
expected to increase in the next decades, driven by the dominant contribution of agricultural 
NH3 emissions (Fowler et al., 2013). The expected increase in NH3 emissions is mainly 
driven by an increased demand for fertilizers to enhance food production, and by the fact 
that NH3 emissions will rise because of climate change, because NH3 volatilization increase 
at higher temperatures (Fowler et al., 2013). In northwest Europe, the agricultural activities 
that have the largest share in total ammonia emissions are livestock housing and manure 
application (Velthof et al., 2015). Along with sulphur dioxide (SO2) and NOX, ammonia also 
contributes to the formation of secondary particulate matter (PM) (Bauer et al., 2016).  A 
reduction of ammonia emissions by 50% would lead to a 24% reduction of the total PM2.5 
(particulate matter with a diameter of 2.5 µm or less) concentrations in northwest Europe 
(Backes et al., 2016). 
Because of the local deposition behavior of reduced nitrogen compounds, emission sources 
that are situated close to protected areas have a higher environmental impact than sources 
that are not (Loubet et al., 2009). In order to assess the impact of deposition on ecosystems, 
the concept of critical loads is used. The critical load is defined as a level of deposition 
below which no significant harmful effects on the environment are expected according to 
current knowledge (Ferm, 1998). In 2016, 72% of the ecosystem area in the EU28 suffered 
from an exceedance of the critical load for eutrophication (EMEP, 2018). Designing 
appropriate policy measures to deal with this problem is not straightforward, as NH3 
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emissions originate from many hot spot areas and point sources (Loubet et al., 2009). The 
European Habitats Directive (92/43/EEC) aims to conserve a wide range of rare, threatened 
or endemic animal and plant species, through the establishment of the Natura 2000 
ecological network of protected areas known as Special Areas of Conservation (SACs) 
(Council of the European Union, 1992). Article 6 of the Habitats Directive states that further 
deterioration of Natura 2000 sites should be avoided, while new plans and projects can only 
be authorized after having ascertained that they will not adversely affect the integrity of the 
concerned site (Council of the European Union, 1992).  This has important implications for 
the granting of permits to nitrogen emitting installations, such as livestock farms, in the 
immediate vicinity of protected Natura 2000 sites, given that they have a high contribution 
to the deposition in these sites (Schoukens, 2017).  
In order to enable preservation and restoration of protected habitats, complying with the 
European Habitats Directive without impeding economic development, Flanders (Belgium) 
established a Programmatic Approach to Nitrogen (Schoukens, 2017). The aim is to reduce 
emissions and the effect of nitrogen deposition in Natura 2000 sites at the same time. In 
that way, development space for additional emissions at other locations is created, while 
preservation and restoration of protected habitats is still possible (Schoukens, 2017). An 
important aspect of this programmatic approach is the assessment of the impact of 
individual emission sources on Natura 2000 sites. Each emission source has a critical 
habitat cell, which is defined as the place where (1) the total nitrogen deposition is higher 
than the critical load and (2) where the ratio of the source-attributable deposition to the 
critical load is the highest (Cools et al., 2015). The obtained ratio is called the Significance 
Score. Depending on the significance score, projects are subdivided in three significance 
classes (>50%, 5-50% and <5%), with associated permitting conditions (Lefebvre and 
Deutsch, 2015; Agentschap voor Natuur en Bos, 2017). In the current phase of the 
Programmatic Approach to Nitrogen, applicable until 2019, no environmental permit can be 
granted for projects that result in more than 50% of the deposition in the critical habitat cell. 
For projects that have a Significance Score of 5-50%, the standstill principle applies: the 
permit can only be renewed if the NH3 emissions do not increase compared to the original 
situation (Agentschap voor Natuur en Bos, 2017). Projects with a Significance Score lower 
than 5% are not considered significant in case of permit renewal (Agentschap voor Natuur 
en Bos, 2017). Relatively few livestock farms in Flanders have a moderate to high 
Significance Score (>5%). However, farms with a Significance Score lower than 5% are 
responsible for 77% of the total deposition attributable to stable emissions (Cools et al., 
2015). This highlights that, in addition to spatially differentiated measures, general emission 




Ammonia deposition has major effects on a local scale (Hertel et al., 2013). Emission and 
receptor areas are often close to each other, giving rise to a high spatial variability of 
ammonia deposition impacts (Sutton et al., 1998). Careful planning of the location of 
emission sources provides a practical way of avoiding adverse impacts of ammonia 
emission on nearby protected areas (Vogt et al., 2013). In this paper, we developed two 
maps that show the potential impact of ammonia emissions on Natura 2000 sites in 
Flanders, Belgium. The analysis is limited to the impact of deposition in semi-natural areas. 
The impact of secondary particulate matter formation and its impact on human health is not 
taken into account in this study. The first map shows the deposition impact based on the 
currently used impact indicator in Flanders, the Significance Score. The second map shows 
the impact based on an alternative impact indicator, the Aggregate Deposition Score. The 
impact maps visualize the development space around Natura 2000 sites. They demonstrate 
where ammonia emissions would cause the most harm to protected natural areas, making 
the maps useful for spatially differentiated pollution control. Furthermore, the differences 
between the two maps highlight that the indicator used for impact assessment determines 
the geographical outcome of spatially differentiated policies.  
2.2 Methods 
2.2.1 Study area 
The study is confined to Flanders, situated in Northwest Europe and one of the three official 
regions of Belgium. Flanders is one of the most densely populated regions of Europe, with 
a population of about 6.5 million inhabitants and a total surface area of 13 522 km² 
(Statistics Belgium, 2018). The total surface area of Natura 2000 sites protected by the 
Habitats Directive in Flanders is 105 022 ha, accounting for about 7.8% of the total area of 
Flanders (Figure 2-1b) (Instituut voor Natuur- en Bosonderzoek, 2016). The Natura 2000 
sites are highly dispersed, with many small areas spread across Flanders and bigger areas 
mainly confined to the East of the region. The average nitrogen deposition in Flanders was 
24 kg N ha-1 in 2016 (Instituut voor Natuur- en Bosonderzoek, 2018), with NHx accounting 
for 59% of the deposition (Vlaamse Milieumaatschappij, 2018a). In 61% of the total surface 
of Natura 2000 areas in Flanders, the N deposition was higher than the critical load in 2016 
(Instituut voor Natuur- en Bosonderzoek, 2018). Flanders is a region with highly 
concentrated and input-intensive animal production (Van der Straeten et al., 2010; 
Willeghems et al., 2016), and is among the regions in Europe that is most affected by 
atmospheric nitrogen deposition (Staelens et al., 2012).  
 




Figure 2-1. Study area. (a) Location of Flanders, Belgium in Northwest Europe, (b) Natura 2000 sites 
in Flanders. 
 
2.2.2 Modeling framework and limitations  
In order to develop the impact maps for Flanders, we integrated information from habitat 
maps with output from atmospheric dispersion models VLOPS (Flemish Operational Priority 
Substances model) and IFDM (Immission Frequency Distribution Model). An overview of 
the modeling framework is given in Figure 2-2. The details of the calculation are outlined in 
subsequent sections. The core of the impact map calculation are two source-receptor 
matrices (SRMs) calculated with IFDM, for dry deposition and wet deposition, respectively. 
A SRM consists of deposition estimates around a central emission source (Loonen et al., 
2006). The SRMs allow to calculate deposition and critical load exceedances for different 
ammonia emission characteristics (emission strength) and receptor characteristics 
(deposition velocity), based on standard matrix-vector operations (Loonen et al., 2006). The 
SRMs have a resolution of 100 m. The locations and critical loads of all Natura 2000 sites 
in Flanders were obtained from a habitat map of the Flemish Agency of Nature and Forestry 
(Agentschap voor Natuur en Bos, 2015), also with a resolution of 100 m. The VLOPS model 
was used to determine the ammonia deposition velocity and the total nitrogen deposition at 
the receptor areas. We used VLOPS model results calculated with a resolution of 1000 m, 
the current default and highest available resolution for the whole of Flanders. To calculate 
the impact maps, the SRMs were moved along a regular grid of fictitious emission sources, 
with a resolution of 500 m. This resolution is sufficient for our objectives, i.e. to determine 
the potential impact of ammonia emissions on Natura 2000 sites and to assess the spatial 
outcome of the impact indicators. A higher resolution would have meant considerably higher 




The SRMs are modeled with emission characteristics that represent ammonia emissions 
from animal housing. Therefore, the impact maps represent the potential impact of animal 
housing emissions on Natura 2000 sites in Flanders. Seasonal variations in temperature, 
wind direction and speed, precipitation and atmospheric stability are taken into account in 
VLOPS and IFDM, which both use meteorological data with a temporal resolution of one 
hour. Because we used one source-receptor matrix for the whole of Flanders, one set of 
meteorological data, including wind distribution, was used for the whole region. The 
emission rate used to calculate the IFDM source-receptor matrix is constant (8784 kg NH3 
yr-1, corresponding to 1 kg h-1 for a leap year). Therefore, diurnal variations that affect the 
ammonia volatilization rate are not taken into account.  
 
Figure 2-2. Overview of impact map calculation, using a simple example with a receptor area of 1 
ha. Δ: Receptor area. ×: emission source. 
 
2.2.3 IFDM source-receptor matrix 
The SRMs were obtained by modeling a point source with an emission strength of 8784 kg 
NH3 yr-1 (1 kg h-1 for a leap year) using the atmospheric dispersion model IFDM (European 
Topic Centre on Air and Climate Change, 2006). IFDM is a bi-Gaussian transport and 
dispersion model based on dispersion parameters estimated by Bultynck and Malet, 1972. 
IFDM is used for environmental assessment procedures in Flanders. There is an hourly 
time step in IFDM, meaning that the model takes into account hourly variations in wind 
speed, wind direction and atmospheric conditions. The modeled point source is located at 
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coordinates (0,0) and has a height of 5 m. No plume rise is assumed, which corresponds to 
the ‘worst-case’ situation, as a higher plume rise results in less ammonia being deposited 
close to the emission source. These source characteristics represent animal housing 
emissions. The SRMs consist of dry and wet deposition estimates (kg N ha-1 yr-1) for every 
point in a square area from coordinates (-20000, -20000) to (20000, 20000), at a resolution 
of 100 m, using a fixed dry deposition velocity of 0.88 cm s-1. In other words, the SRMs 
consist of a square of 40x40 km², subdivided in 160000 squares of 100x100 m². The input 
meteorological data come from a weather station in Luchtbal (Antwerp) for the year 2012. 
This year was considered representative of the meteorological situation in Flanders. 
Furthermore, for the assessment of the impact of nitrogen emitting activities, the Flemish 
government uses the same meteorological data from this year. To calculate the deposition 







) ∗ 𝐷𝐷𝑋,𝑌 + 𝑊𝐷𝑋,𝑌)      (2.1) 
with TD being the total deposition (kg N ha-1 yr-1), DD the dry deposition from the SRM (kg 
N ha-1 yr-1), WD the wet deposition from the SRM (kg N ha-1 yr-1), Q the emission strength 
(kg NH3 yr-1), and vd the dry deposition velocity (cm s-1) specific for the location. The 
constants in the equation are the standard values used to calculate the source receptor 
matrix (emission strength of 8784 kg NH3 yr-1 and dry deposition velocity of 0.88 cm s-1). 
We assume that the dry deposition scales linearly with the emission strength and the dry 
deposition velocity. This approach offers a valuable first order approximation (Loonen et al., 
2006), and is used in Flanders as a provisional deposition scan and could thus give a farmer 
an indication of possible significant impacts on Natura 2000 sites before he actually applies 
for an environmental permit (Vlaamse Overheid, 2019).  
2.2.4 Protected habitats 
In this study, the potential impacts of agricultural ammonia emissions on protected habitats 
in Flemish Natura 2000 sites are determined. For this purpose, we used a habitat map that 
contains the currently present habitat types, the additional areas where the habitat types 
are anticipated and the provisional search areas. These search areas are perimeters that 
are reserved for an individual Special Area of Conservation and/or protected species (Cools 
et al., 2015). The search areas are still subject to change, in contrast to the additional areas. 
Every habitat type is characterized by a specific critical load, expressing the sensitivity of 
the habitat for nitrogen deposition (Van Dobben et al., 2012). We used map version 2, d.d. 
14/09/2015 (Agenschap voor Natuur en Bos, 2015). The map consists of irregularly shaped 
polygons, which we converted to square cells of 1 hectare. In this way, we obtained a map 





VLOPS is the Flanders-specific version of OPS (Operational Priority Substances model), 
an atmospheric dispersion model that is developed by the Dutch National Institute for Public 
Health and the Environment (Sauter et al., 2016). VLOPS calculates concentrations and 
deposition based on emission data from a large area using a mixed Lagrangian-Gaussian 
transport model. VLOPS models concentrations, first-order chemical reactions for aerosol 
formation and wet- and dry deposition processes. For wet deposition, both in-cloud and 
below-cloud processes are approximated. For dry deposition, a specific module called 
DEPAC is used that takes into account the bidirectional nature of the deposition. The 
emission data correspond to ammonia emission sources from both within and outside the 
borders of Flanders. The model takes into account more than 45 emission categories, 
including animal housing and fertilizer spreading, considering typical diurnal variations for 
these emission categories. Next, VLOPS uses meteorological statistics and data on the 
receptor area as an input. To keep computation times feasible, a meteorological pre-
processor calculates statistics for transport trajectories of various distances, taking 
atmospheric stability and other parameters into account. These statistics are typically 
calculated by the pre-processor for an entire year based on hourly meteorological data. The 
VLOPS model results calculated from these statistics have a time resolution of yearly totals 
and averages. 
We used the VLOPS model for two purposes. Firstly, VLOPS was applied to generate a 
nitrogen deposition map of Flanders, based on emission data of the year 2013 and 
meteorological data of the year 2015. The lag of two years between the emission data and 
the meteorological data is characteristic of the way VLOPS modeling results are reported 
by the Flemish Environment Agency (VMM). We used the most recently available modeling 
results when the paper (De Pue et al., 2017) was written. The nitrogen deposition map was 
then used for identifying receptor cells where the nitrogen deposition is higher than the 
critical load, one of the two requirements for identifying the critical habitat cell for emission 
sources. Next, we also used VLOPS to calculate dry deposition velocities for all receptor 
cells. These dry deposition velocities (vd) were used to calculate the total deposition with 
Eq. 2.1. The deposition velocity (expressed in cm s-1) was determined for the center of each 
hectare cell. The dry deposition velocity depends, among others, on the roughness length 
and type of vegetation (Sauter et al., 2016). Given the limited resolution of the available 
VLOPS model results, the obtained dry deposition velocities are the average for a square 
of 1 km² around the receptor point, and thus depend on land use and roughness length of 
an area much bigger than the receptor cell itself (1 km² compared to 1 ha).  
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2.2.6 Impact map calculation 
Impact maps show what the impact would be if ammonia emissions would occur at a certain 
location. Because the maps cover the whole of Flanders, we have to carry out impact 
calculations for points covering the whole region. For every point (emission source), the 
impact of ammonia emissions on surrounding Natura 2000 sites (receptor cells) is 
calculated, after which an impact indicator is assigned to each of the source points. We 
made two impact maps, one showing the Significance Score based on the critical habitat 
cell, the other showing the Aggregate Deposition Score as a measure of the aggregate 
ammonia deposition caused by the emission. The receptor layer consists of the 116 023 
receptor cells of 1 ha, each with a characteristic critical load and dry deposition velocity. 
The emission source layer consists of points on a regular grid, with a resolution of 500 m. 
The layer consists of 109 088 source points in total, covering the whole of Flanders. To 
obtain impact maps with a resolution of 500 m, we applied the following steps for each of 
the source points:  
(1) The X- and Y-coordinates of the receptor cell centroids were subtracted from the X- 
and Y-coordinates of the source points, with all coordinates expressed as Lambert 
coordinates (Lambert 1972 projection of geographical XY-coordinates, 
EPSG:31370). In that way, receptor points have coordinates that refer to their 
relative position to the origin (the source point).  
(2) The receptor points that fall within the IFDM source receptor matrix are retained.  
(3) The total deposition is calculated for every receptor point within the IFDM source 
receptor matrix, using Eq. 2.1, with a Q = 5000 kg NH3 yr-1 and vd specifically 
determined with VLOPS (see Section 2.2.5). We deem an emission strength of 5000 
kg NH3 yr-1 to be more representative of an average-sized farm than an emission 
strength of 8784 kg NH3 yr-1.  
(4) For every receptor point, an impact score is calculated, by dividing the total 





      (2.2) 
 
(5) The Aggregate Deposition Score for the source is calculated by adding the impact 





𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑆𝑐𝑜𝑟𝑒𝑆𝑜𝑢𝑟𝑐𝑒 =  ∑
𝑇𝐷𝑠𝑜𝑢𝑟𝑐𝑒,𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟
𝐶𝐿𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟
𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟    (2.3) 
 
(6) The Significance Score is determined by taking the maximum impact score of all 
receptor points for which the total nitrogen deposition (calculated with VLOPS) is 
bigger than the critical load, expressed as a percentage (Eq. 2.4). 
 
𝑆𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑐𝑒 𝑆𝑐𝑜𝑟𝑒𝑆𝑜𝑢𝑟𝑐𝑒 = 𝑚𝑎𝑥 {
𝑇𝐷𝑠𝑜𝑢𝑟𝑐𝑒,𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟
𝐶𝐿𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟
} ∗ 100%    (2.4) 
𝑤𝑖𝑡ℎ 𝑇𝑜𝑡𝑎𝑙 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 > 𝐶𝐿𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 
 
The resulting dataset, with characteristic pairs of coordinates, Aggregate Deposition Score 
and Significance Score, is consequently converted to raster maps of the Significance Score 
and the Aggregate Deposition Score.  
2.2.7 Comparing impact indicators on the regional scale 
To assess the correlation between the Aggregate Deposition Score and the Significance 
Score, ordinary least squares (OLS) regression was used. The regression residuals were 
subsequently mapped, to identify regions that are more strictly regulated by the currently 
used impact indicator (Significance Score), compared to the alternative indicator (Aggregate 
Deposition Score). To estimate to what extent the impact indicators are spatially dependent, 
the global spatial autocorrelation of the impact indicators was evaluated using the Global 
Moran’s I test (Moran, 1948). The value of Moran’s I ranges from -1 to 1. A negative value 
indicates that neighboring data points tend to have values that are different to each other, 
while a value approaching zero indicates that neighboring points have random values 
(Grieve, 2011). A positive value indicates that neighboring raster cells tend to have similar 
values (Grieve, 2011). To calculate spatial autocorrelation, observations that are close in 
space are given greater weight than observations that are more distant from each other. 
This is accomplished with a spatial weighting matrix (Odland, 1988). We used a binary 
spatial weighting function that only takes the values of four neighboring raster cells (to the 
North, East, South and West) into account, with every value given equal weight.  
2.2.8 Comparing impact with emission 
We compared the Aggregate Deposition Score map with actual emission data, in order to 
identify the regions in Flanders where ammonia emission causes the greatest damage in 
terms of deposition in Natura 2000 areas, i.e. the locations where the actual emissions 
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multiplied by the Aggregate Deposition Score are the highest. We start from the same 
emission data as the ones that are used for VLOPS. These data cover the emissions for 
the year 2012, not only for Flanders, but also for the neighboring regions. We selected the 
emissions from within Flanders. These data are expressed in g NH3 s-1 and are aggregated 
to 1 km by 1 km grid squares. We aggregated and converted the data to mean emission for 
each of the 308 Flemish municipalities (the smallest administrative subdivisions in 
Flanders), expressed in kg NH3 km-² yr-1. The average Aggregate Deposition Score per 
municipality was also calculated. By multiplying the mean emission with the mean 
Aggregate Deposition Score, a Deposition Damage score was obtained per municipality. 
By mapping this score, policy makers can readily identify municipalities were ammonia 
emissions appear to be worst in terms of impact on Natura 2000 sites.  
2.3 Results 
2.3.1 Impact maps 
The impact maps showing the Significance Score (Eq. 2.4) and the Aggregate Deposition 
Score (Eq. 2.3) are shown in Figure 2-3 and Figure 2-4 respectively. Zones where an emission 
of 5000 kg NH3 yr-1 would be considered relevant (Significance Score >5%) are confined to 
the vicinity of protected habitats. The red zone (Significance Score >50%) is limited to areas 
immediately next to the Natura 2000 sites. The Significance Score assures protection of 
every Natura 2000 site, as all sites are surrounded by a red and orange band, including the 
sites that are relatively small. Because there are more Natura 2000 sites in the Eastern part 
of Flanders, with on average also more sensitive habitats (lower critical loads) such as 
heathland (see Figure 11-1, Appendix 3), the total share of orange and red zones is bigger 
in the East. Nevertheless, there is still a considerable share of development space 
(Significance Score <5%) left, even in this relatively nature-rich region.  
Because the Aggregate Deposition Score (Figure 2-4) shows the aggregate impact on all 
protected habitats within the deposition plume of a source, this indicator exhibits a striking 
pattern of lower Aggregate Deposition Scores in the Western half of Flanders and 
considerably higher scores in the East. Although the Aggregate Deposition Score illustrates 
the total deposition impact of a source, and thus the total damage on protected Natura 2000 
sites, using this indicator in the assessment of permit application could induce a shift of 
livestock production from the East to the West. Additionally, the protection of isolated and 
small protected sites is less assured with the Aggregate Deposition Score compared to the 
Significance Score. Aggregate Deposition Scores of emission sources that affect a limited 
number of small Natura 2000 sites are lower, because fewer receptors are summed up in 




based solely on the Aggregate Deposition Score, small isolated areas would be less 
protected than in the current assessment based on the Significance Score.  
 
 
Figure 2-3. Impact maps showing the Significance Score, subdivided in the three impact classes 
currently used in Flanders. Protected habitats (Special Areas of Conservation) are shown in black. 
Resolution of 500 m. Source strength 5000 kg NH3 yr-1, source height 5 m. 
 
 
Figure 2-4. Impact map showing the Aggregate Deposition Score. The color classification does not 
relate to thresholds used for impact classification, in contrast to the coloring in Figure 2-3. Protected 
habitats (Special Areas of Conservation) are shown in black. Resolution of 500 m. Source strength 
5000 kg NH3 yr-1, source height 5 m. 
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2.3.2 Residual map 
To compare both types of impact indicators, we performed Ordinary Least Squares 
regression (slope 3.891, intercept -13.47, R² 0.715). The indicators do not exhibit a perfect 
linear relationship, because they highlight different aspects of damage to Natura 2000 sites: 
the Significance Score reflects the locally maximal impact, while the Aggregate Deposition 
Score is an indicator of the total damage in a square area of 40x40 km² around the emission 
source. More relevant than assessing the linear relationship between the indicators as such, 
are the spatial patterns in the residuals. The mapping of the residuals of the OLS regression 
(Figure 2-5) can identify regions that would be more strictly regulated by the Significance 
Score compared to the Aggregate Deposition Score. Red zones correspond to negative 
residuals, or places where the Significance Score is lower than what is predicted by the 
linear model. These areas would experience stricter regulation if policy makers would switch 
to the Aggregate Deposition Score as impact indicator. This is clearly the case for the areas 
surrounding the larger, concatenated Natura 2000 sites in the Eastern part of Flanders 
(provinces of Antwerp and Limburg). The majority of Flanders has a slightly positive residual 
(light blue), indicating less strict regulation in the case of the Aggregate Deposition Score. 
If we take a closer look at different Natura 2000 sites, we can observe the difference 
between the two indicators on a local scale. For a small Natura 2000 site in the West of 
Flanders (Figure 2-5b), the residuals are always positive, stressing the fact that the 
Aggregate Deposition Score fails to protect small, isolated Natura 2000 sites. For a very 
fragmented Natura 2000 site (Figure 2-5c), the situation can get quite complex, with areas 
in between the dispersed protected fragments having a negative residual, while areas right 
next to the sites have a positive residual. In general, areas in very close proximity to the 
protected site or within the site itself have a highly positive residual, indicating a Significance 
Score that is much higher than what is predicted by the OLS regression model. This is not 
surprising, because in these cases, the emission source is situated right next or even within 
its critical habitat cell, resulting in a very high Significance Score. For a large Natura 2000 
site in the East of Flanders (Figure 2-5d), the residuals are highly negative (deep red), except 
for grid cells right next to or overlapping with the protected habitat. This indicates that the 
Aggregate Deposition Score would be a stricter indicator for all farmers in this area, given 






Figure 2-5. Map of the OLS residuals. Resolution of 500 m. Red zones are locations where the 
Significance Score is lower than predicted by the model. Blue zones are locations where the 
Significance Score is higher than predicted by the model. (a) Flanders, Belgium. (b) Part of the Natura 
2000 site “Forests and heathland of sandy Flanders: Eastern part”, in the province of East-Flanders. 
(c) Part of the Natura 2000 site “Estuary of Scheldt and Durme, from the Dutch border to Ghent”, in 
the province of East-Flanders. (d) Natura 2000 site “Valley and source area of the Zwarte Beek, 
Bolisserbeek and Dommel, with heathland and fens”, in the province of Limburg. 
 
2.3.3 Spatial autocorrelation 
The spatial dependency of the Aggregate Deposition Score and Significance Score was 
analyzed with spatial autocorrelation analysis. The results of the Global Moran’s I (Table 
2-1) indicate significantly positive global spatial autocorrelation for both impact indicators. 
This is in line with the expectation that the value in one raster cell is correlated with the 
values in the cells directly to the North, East, South and West of that cell. However, the 
global spatial autocorrelation (Global Moran’s I) is considerably higher for the Aggregate 
Deposition Score than for the Significance Score. This difference in extent of spatial 
autocorrelation might have policy implications. A higher spatial autocorrelation means that 
neighboring farmers are experiencing a similar level of strictness regarding the impact 
evaluation of their ammonia emissions, which possibly has an influence on compliance and 
perceived fairness of the imposed policy. The higher spatial autocorrelation of the 
Aggregate Deposition Score could therefore increase the social acceptability of the policy 
compared to the Significance Score.  




Table 2-1. Global spatial autocorrelation results (one-sided Global Moran’s I test) 
Variable Mean Global Moran’s I z-score p-value 
Aggregate Deposition 
Score 
5.9 0.96 397.71 < 2.2 * 10-16 
Significance Score 14.4 0.74 309.09 < 2.2 * 10-16 
 
2.3.4 Comparing impact with emissions 
To locate the regions where current levels of ammonia emission cause the most problems 
concerning nitrogen deposition in Natura 2000 sites, the emissions aggregated at the 
municipality level were compared with the mean Aggregate Deposition Score on 
municipality level. By multiplying the mean emission (Figure 2-6a) with the mean aggregate 
deposition (Figure 2-6b) at the municipality level, a map of the Deposition Damage per 
municipality in Flanders, Belgium was obtained (Figure 2-6c). This map does not show the 
damage occurring within the municipality, but rather the damage caused by emissions from 
within the municipality. The map showing the mean emission (kg NH3 km-² yr-1) at the 
municipality level (Figure 2-6a) highlights the two main regions in Flanders characterized by 
an abundance of intensive livestock farms, namely the central part of the province of West-
Flanders in the West and the northern part of the province of Antwerp in the Northeast. The 
mean Aggregate Deposition Score at the municipality level shows a remarkably different 
pattern (Figure 2-6b). The central part of West-Flanders contains few protected Natura 2000 
sites and is therefore characterized by low mean Aggregate Deposition Scores. Multiplying 
the mean emission with the mean Aggregate Deposition Score results in moderately high 
Deposition Damage from emissions in this region (Figure 2-6c). The region where high 
emissions overlap with high Aggregate Deposition Scores is the northeastern part of 
Flanders, indicating that policy makers should prioritize their emission reduction efforts to 
this region. However, the map also pinpoints individual municipalities with a high Deposition 
Damage caused by ammonia emissions, despite the fact that they are not clustered with 







Figure 2-6. (a) Mean emissions, (b) Aggregate Deposition Score, and (c) Deposition Damage in the 
309 municipalities of Flanders, Belgium.  
 
2.4 Discussion 
2.4.1 Methodological limitations and boundaries 
Limitations in predictive power are inherent to all atmospheric dispersion models (Simpson 
et al., 2011). If the imposed policy depends on the outcome of atmospheric dispersion 
modeling, it is important to stress both the presence and the extent of uncertainty on the 
model results. However, this study merely looks at the difference between two impact 
indicators on a regional scale, to evaluate spatial effects related to the choice of indicator. 
Therefore, a detailed uncertainty analysis was omitted. The impact maps proposed here 
serve to guide policy makers in prioritizing their efforts to certain problematic subregions. 
a b
c
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Furthermore, farmers could use these maps for screening purposes, in order to have an a 
priori idea of the environmental impact of their planned activity. For actually deciding on the 
permit application of specific projects, more detailed atmospheric dispersion modeling is 
required, using specific emission source characteristics.  
A main limitation of this study is related to its scope. We only looked at the impact of 
ammonia emissions on Natura 2000 sites situated within the borders of Flanders. Taking 
cross-border Natura 2000 sites into account would increase impact map indicators for 
regions close to the border. However, because we explicitly opted for Flanders, Belgium, 
as the study area, we also chose to limit the analysis to the impact on Natura 2000 sites 
within Flanders. A second limitation relates to the modeling methodology. We made use of 
only two IFDM source receptor matrices representing the dry and wet nitrogen deposition 
around the site, for reasons of limited computation time and simplicity. A more accurate but 
cumbersome approach would be to calculate the deposition for each source point with the 
VLOPS-model. Because the IFDM SRMs were calculated for a single emission source 
representing animal housing emissions, the resulting impact maps are only representative 
for this type of emission. The impact maps can be recalculated for other ammonia emission 
source characteristics (emission height, source strength, plume rise) and even for other 
pollutants, such as NOx. 
A third limitation is the fact that the meteorological data underpinning the IFDM SRMs 
corresponds to one location (Antwerp Luchtbal) and one year (2012), assuming that these 
data are representative for the average meteorological situation in the whole of Flanders. 
Flanders is a relatively flat region, with relatively similar weather over its territory. A single 
wind distribution has been assumed before for air quality modeling in Flanders, and it has 
been shown that the weather is reasonably similar over the territory (Lefebvre et al., 2013). 
However, if the study area would be extended, multiple wind distributions should be used.  
The impact indicators are highly dependent on the critical load of the receptor cells. The 
critical load reflects the sensitivity of the receptor cell to nitrogen deposition. Changes in 
these critical loads are likely to cause big shifts in both the Significance Score and the 
Aggregate Deposition Score, because the critical load is in the denominator of the impact 
indicator calculation (Eq. 2.2-2.4). If the government were to decide to change the 
designated habitat type in a certain Natura 2000 area from a relatively non-sensitive habitat 
(e.g. critical load of 30 kg N yr-1) to a highly sensitive habitat (e.g. critical load of 6 kg N yr-
1), any airborne ammonia emission source in the environment would have a much higher 
impact in terms of deposition in the Natura 2000 site. In an extreme (and theoretical) case 




Significance Score and the Aggregate Deposition Score could rise fivefold for emission 
sources that only affect the reclassified Natura 2000 site.  
2.4.2 Advantages and disadvantages of the impact indicators 
Policy makers can spatially differentiate their environmental policy based on the (potential) 
impact of emissions. In this study, we showed that the method to quantify this potential 
impact, the choice of impact indicator, is of paramount importance for the outcome of this 
spatially differentiated policy. This finding is in line with what was reported earlier by 
Hallsworth et al. (2010), who found that the choice of ammonia indicator affects the 
estimation of risks of high ammonia concentrations to the Natura 2000 network in the UK. 
The most important distinction between their work and ours, is that we look at indicators 
quantifying an individual farm’s impact on Natura 2000 network through ammonia 
deposition, while Hallsworth et al. (2010) looked at exceeded critical levels in Natura 2000 
areas (i.e., at ammonia concentrations).  
In Flanders, the contribution of the source to the critical load exceedance in the critical 
habitat cell, expressed as a percentage (the Significance Score), is used (Eq. 2.4). 
However, different impact indicators could be considered, such as the contribution to the 
critical load of the most sensitive habitat cell (lowest critical load), the average contribution 
to all habitat cells in the deposition plume or the number of cells where the contribution to 
the critical load is above a certain threshold (Cools et al., 2015). Here, we compared the 
Significance Score with one alternative impact indicator, the Aggregate Deposition Score 
(Eq. 2.3). This Aggregate Deposition Score has the advantage that it takes the whole impact 
on all protected habitat cells into account in an aggregate score. In that way, it reflects the 
total deposition damage costs caused by the emissions better than the Significance Score. 
Furthermore, the spatial autocorrelation of the Aggregate Deposition Score is higher than 
for the Significance Score, which might be beneficial for the social acceptance of imposed 
policies. Previous research found that fairness considerations are important when farmers 
are compensated for conservation measures taking into account habitat heterogeneity (Ohl 
et al., 2008). Similar considerations might apply to permitting constraints that differ 
depending on location, although further research is needed to confirm this.  
If the spatially differentiated policy is exclusively based on the Significance Score, farms 
close to sensitive habitats are always more strictly regulated than farms that are further 
away from the protected site. However, this does not exclude that in some cases, the more 
distant farm has a higher total impact, and thus causes higher total damage costs, than the 
farm that is situated closer to the protected site. The Significance Score tends to put the 
emphasis on sources in immediate proximity of Natura 2000 sites. Exclusively focusing on 
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these farms is not effective, as farms with a Significance Score lower than 5% are jointly 
responsible for 77% of the total deposition coming from animal housing emissions in 
Flanders (Cools et al., 2015). However, the impact map of the Aggregate Deposition Score 
(Figure 2-4) and the map of OLS residuals (Figure 2-5) clearly show that the Aggregate 
Deposition Score fails to protect smaller, isolated Natura 2000 sites. On the other hand, the 
Significance Score guarantees that certain deposition thresholds will not be exceeded, even 
for smaller nature conservation areas. Furthermore, strict use of the Aggregate Deposition 
Score as the only impact score could result in a shift of livestock production from the East 
of Flanders to the already heavily burdened West or towards major cities which will be 
burdened by other negative aspects of livestock farming and manure surpluses, such as 
odor nuisance (Blanes-Vidal et al., 2012) and nitrate pollution (van Grinsven et al., 2015b). 
A combination of the Significance Score and the Aggregate Deposition Score could be 
considered, to profit from the benefits of both indicators while avoiding their drawbacks. The 
decision on the permit granting of new ammonia-emitting projects could be based on an 
impact calculation using the Aggregate Deposition Score, while a Significance Score 
threshold could still be used as a safeguard to protect small, isolated Natura 2000 areas. 
We believe that combining the two impact indicators would not involve higher administration 
or monitoring costs, because both indicators are calculated with the same atmospheric 
dispersion and deposition models. Both indicators could be calculated for new projects, with 
the permitting of the project conditional on the level of both indicators.  
2.4.3 Particulate matter formation 
The impact indicators discussed here only concern the impact of ammonia on protected 
nature through the process of eutrophying deposition. However, ammonia also has a 
significant contribution to secondary particulate matter formation (Bauer et al., 2016; 
Erisman and Schaap, 2004; Backes et al., 2016). Therefore, if one exclusively focusses on 
the impact of ammonia on Natura 2000 sites, without taking into account its role in PM 
formation and the resulting health impact, a geographical shift in emission aimed at a 
decrease in impact on nature can result in an unintended increase in health damage. 
Therefore, it might be useful to have impact indicators and impact maps for the health 
effects. These maps would show the impact of the process of secondary PM formation, with 
population density as the receptor. These maps would complement the maps that show the 
impact of eutrophying deposition, with terrestrial ecosystems as the receptor. However, 
because secondary particle formation is a rather complex process involving reactions with 
other gaseous compounds (Backes et al., 2016), the exact location of emission sources is 
of less importance for this problem. An impact map for secondary PM formation from 




formation has a high spatial heterogeneity, and should therefore be mediated with a 
spatially differentiated response by means of an impact indicator.  
2.5 Conclusion 
By mapping the potential total impact of ammonia emissions, we visualized the high spatial 
variability of the impact of ammonia on Natura 2000 sites in Flanders, Belgium. The impact 
maps demonstrate locations where ammonia emissions are expected to cause the most 
harm in Natura 2000 sites, making the maps useful for spatially differentiated pollution 
control. By comparing the currently used Significance Score with the alternative Aggregate 
Deposition Score, strengths and weaknesses of both impact indicators were revealed. They 
highlight that the choice of impact indicator can have unintended spatial effects. The 
Significance Score neglects the wider impact of ammonia emissions across the landscape 
and focusses on emissions in the immediate proximity of the protected sites, offering 
protection of every habitat cell. The Aggregate Deposition Score takes the total deposition 
impact in multiple habitats into account, but fails to protect smaller sites. Furthermore, using 










3 CHAPTER 3 
Abatement of ammonia emissions from 
livestock housing fine-tuned according to 
impact on protected habitats 
Based on: De Pue, D., Bral, A. and Buysse, J. (2019) ‘Abatement of ammonia emissions from 
livestock housing fine-tuned according to impact on protected habitats’, Agricultural Systems. 
Elsevier, 176(November). doi: 10.1016/j.agsy.2019.102667. 
Abstract 
Livestock farms are an important source of ammonia emissions, which threaten vulnerable 
habitats and species in nearby natural areas through the process of atmospheric nitrogen 
deposition. An integrated and spatially explicit mixed integer programming model was 
applied to all livestock facilities in Flanders (Belgium), to evaluate the current Flemish 
policies aimed at limiting ammonia deposition in Natura 2000 sites. The simulations indicate 
that a substantial reduction in deposition is achievable with a similar cost to the currently 
applied policy in Flanders. Furthermore, the model allows identification of the most suitable 
stable type and emission abatement measures for any stable in Flanders. Such a spatially 
explicit optimization approach applied to individual emission sources might assist 








94% of the ammonia (NH3) emissions in Europe are caused by agricultural activities 
(European Environment Agency, 2016). Much of this ammonia pollutes nature areas 
through atmospheric deposition, causing eutrophication and acidification of terrestrial 
ecosystems (Erisman et al., 2013; Leip et al., 2015). This process poses a major threat to 
biodiversity and conservation goals in Natura 2000 sites, the EU conservation network 
aimed at assuring the long-term survival of Europe’s most valuable species and habitats. 
Article 6.3 of the Habitats Directive stipulates that plans and projects affecting Natura 2000 
sites can only be permitted if they are shown to have no significant impact on the protected 
habitats in the Natura 2000 area (Council of the European Union, 1992). In Flanders, this 
is implemented through a spatially differentiated licensing policy (Cools et al., 2015). The 
policy is based on the concept of Significant Contribution Limits (SCLs), restricting nitrogen 
deposition to a predefined percentage of the critical load (Angus et al., 2006). The critical 
load for nitrogen deposition is a quantitative estimate of the exposure to nitrogen deposition, 
expressed in kg N ha-1 yr-1, below which significant harmful effects on sensitive elements of 
the ecosystem are not expected to occur, according to current knowledge (Ferm, 1998; 
Krupa, 2003). In Flanders, a Significance Score is calculated for each new environmental 
permit application involving reactive nitrogen emissions. The Significance Score is 
calculated by dividing the nitrogen deposition attributable to the emission source by the 
critical load in the habitat most affected by the emission source, expressed as a percentage 
(Cools et al., 2015; De Pue et al., 2017). If the Significance Score is higher than 5%, 
authorization is only possible if an appropriate assessment rules out significant deterioration 
of the protected sites (De Pue et al., 2017). In other words, in Flanders, the SCL is set at 
5%. Using a spatially differentiated policy based on SCLs is only partially effective, because 
the largest share of overall ammonia deposition is attributable to sources with a Significance 
Score below the SCL threshold (Cools et al., 2015). The Significance Score reflects the 
impact on the habitat that is most affected by the ammonia emissions. However, one could 
also consider an indicator that aggregates the impact on all the habitats that are affected 
by the source. Therefore, De Pue et al. (2017) developed the Aggregate Deposition Score 
(ADS) as an alternative indicator that better reflects the total damage to nearby Natura 2000 
sites. The Aggregate Deposition Score is calculated by adding the ratio of nitrogen 
deposition to the critical load for all the habitats affected by the emission source (De Pue et 
al., 2017).  
The issue of ammonia deposition in Natura 2000 sites has been researched previously by 
Kros et al. (2011), who modeled ammonia emission abatement measures such as air 
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scrubbers, reduced protein feed for cattle and low-emission stables, on a landscape scale 
for an area of 600 km² in the northern part of the Netherlands, using an integrated modeling 
system. By combining the nutrient model INITIATOR with atmospheric dispersion modeling, 
they were able to evaluate the effectiveness of emission abatement measures on a scale 
of 250*250 m². Kros et al. (2013) looked at the efficiency of agricultural measures (air 
scrubbers, low-emission stables, reduced protein feed, low-emission manure application, 
organic cattle farms and relocating farms) to reduce nitrogen deposition on the level of a 
whole Dutch province, using spatially explicit farm data and taking into account the cost of 
the measures. With an even bigger geographical scope, for the German Federal States of 
Baden-Württemberg, Brandenburg and Lower Saxony, Wagner et al. (2015) looked into the 
costs and benefits of ammonia and particulate matter abatement techniques in agriculture. 
One of their conclusions was that regional aspects need to be reflected in the chosen 
measures. In a follow-up study, Wagner et al. (2017) assessed a selection of promising NH3 
measures, including manure storage cover and manure injection, for a case study of Lower 
Saxony, making a detailed analysis of both the abatement costs and the benefits of the 
measures (the avoided damage costs) and concluded that the benefits exceeded the 
abatement cost for all abatement measures analyzed. Spatial targeting of ammonia 
mitigation efforts was addressed by Carnell et al. (2017), for the whole of England, but not 
at the level of individual stables. Angus et al. (2006) used a Linear Programming model to 
assess different emission abatement policies for ammonia emissions in a case study of a 
poultry installation in the UK, with the goal of optimizing the net margin of the installation 
under different constraints related to nitrogen deposition in a nearby nature reserve. Loonen 
et al. (2006) applied Linear Programming to minimize atmospheric nitrogen dispersion, 
using emissions aggregated on a 2*2 km² scale for the Dutch province of Noord-Brabant. 
To the best of our knowledge, no studies have been published to date in which a spatially 
explicit optimization of emission abatement efforts was applied on the level of individual 
stables with different livestock categories, although tailor-made efforts are central to 
spatially differentiated pollution control. In this chapter, we propose such a spatially 
optimized modeling approach for the region of Flanders, Belgium, on a spatial resolution of 
100*100 m².  
The goal of our research was twofold. Using an integrated policy assessment, we evaluated 
the efficiency and effectiveness of the current Flemish ammonia policy, which is based on 
Significant Contribution Limits. Secondly, we modeled spatially optimal situations using a 
static mixed integer programming approach (MIP). MIP has been extensively applied 
previously in agricultural and environmental economics, for example in problems related to 




consolidation (Harasimowicz et al., 2017) and nitrate pollution taxes (Lungarska and Jayet, 
2018). In this paper, the MIP framework was used to identify the optimal stable type and 
ammonia abatement measure for every stable in Flanders, depending on farm type, location 
and farm gross margin. When emissions become regulated, a firm can take action by 
substituting inputs, investing in emission abatement technologies, or by stopping or 
reducing production (Goulder and Parry, 2008; Lauwers, 2009). In the case of emissions 
from livestock housing, the first option relates to dietary control, as for example a reduction 
of crude protein in animal feed (Loyon et al., 2016). We deliberately left this option out of 
the analysis, as we had no data on the costs of dietary restrictions, but our model allows us 
to study the trade-off between the second option (investing in low ammonia emission stable 
types, air scrubbers and additional emission abatement measures, see Section 3.2.2.4) and 
the third option (reducing the number of animals).  
3.2 Methods 
3.2.1 Overview 
The analysis focuses on Flanders, the northern region of the federal state of Belgium. The 
region is characterized by intensive livestock production, accommodating over 5 million 
pigs, 1 million cattle and 30 million poultry, spread over a total land area of 13 522 km² 
(Statistiek Vlaanderen, 2018). The total area of Natura 2000 sites protected by the Habitats 
Directive (Special Areas of Conservation) amounts to 105 022 ha, accounting for about 
7.8% of the total area of Flanders (Instituut voor Natuur- en Bosonderzoek, 2016). The study 
includes all farms in Flanders that housed livestock in the year 2015. As extensively 
described below, detailed accounts on the type of animals, the total number of animals and 
specifics of the animal housing system (stable type) are used to estimate the ammonia 
emissions from these farms. The impact on Special Areas of Conservation is assessed 
using atmospheric dispersion and deposition modeling, which describes the dispersion, 
conversion and destination of the ammonia after emission. The emissions from livestock 
facilities and the impact of these emissions on Natura 2000 areas are integrated into a 
region-level profit maximization model (Section 3.2.3.1), that allows identification of the 
most suitable emission abatement measure for every stable in Flanders (see Section 
3.2.2.4 for the list of measures taken into account). 
3.2.2 Data sources and data processing 
3.2.2.1 Livestock facilities 
The simulations are performed on a dataset of all livestock facilities in Flanders, as provided 
to us by the Flemish Land Agency (VLM). The farm census data consist of anonymous farm 
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and stable identifiers, maximally permitted animal numbers per stable and the animal 
housing systems for the year 2015. As such, we have information on the maximum level of 
production, but not about the consumption of inputs. Furthermore, the location of the farms 
is only known in terms of the municipality where the farm is located. For our spatially explicit 
model, more precise location characteristics (X- and Y-coordinates) were needed, in order 
to estimate the impact of ammonia emissions (Section 3.2.2.2). For that purpose, we used 
a map with all livestock housing facilities in Flanders. This map does not contain identifiers 
that allow us to link these locations to the entries of the farm census dataset. Therefore, for 
all municipalities in Flanders, we randomly assigned all farms within the municipality to pairs 
of coordinates from the map with all livestock facilities in that municipality. The VLM dataset 
consists of 38 animal types, subdivided into 5 main categories (cattle, pigs, poultry, horses 
and others) and 84 stable types. For each stable in the VLM dataset, we have information 
on the type of stable and the type and number of animals housed there. Unique 
combinations of animal types and stable types are characterized by an emission factor (kg 
NH3 animal place-1 year-1), estimated using the Flemish Ammonia Emission Model EMAV 
(Vlaamse Milieumaatschappij; ILVO, 2017). Farms can consist of multiple stables, 
potentially housing animals from different categories.   
3.2.2.2 Impact modeling 
For all farm locations, standard impact indicators were determined, with the methodology 
described by De Pue et al. (2017). These indicators link ammonia emissions at a specific 
location with nitrogen deposition in neighboring Natura 2000 sites. Two impact indicators 
were calculated: the Significance Score (SS), which is the indicator currently used 
operationally in Flanders, and the Aggregate Deposition Score (ADS), which is a better 
reflection of the total damage to Natura 2000 sites. While the Significance Score is a 
measure of the impact of a farm on the habitat most affected by the emission source, the 
Aggregate Deposition Score takes into account the impact on all habitats affected. 
Equations for both indicators are found in Chapter 2 (Eq. 2.3-2.4). For the calculation, high-
resolution spatially explicit data (resolution 1 ha) on habitats (location, critical load for 
nitrogen) were integrated with a source receptor matrix (resolution 1 ha) generated with the 
bi-Gaussian transport and dispersion model IFDM (Immission Frequency Distribution 
Model) and deposition velocities and background deposition levels calculated with the 
mixed Lagrangian-Gaussian transport model VLOPS (Flemish Operational Priority 
Substances model). The indicators were calculated for a standard emission of 5000 kg NH3 
yr-1, using a receptor map containing currently present habitat types, the additional areas 




in total, see Section 2.2.4). These standard impact scores were then used as a farm-specific 
parameter in the MIP-model (Section 3.2.3.1).   
3.2.2.3 Farm type allocation and gross margins 
Farms were classified into different farm types, according to the animals present (Appendix 
1, Table 9-1). Farms can consist of multiple farm types (e.g. Dairy and Pig Finishing), each 
of them modeled as independent units. To avoid double-counting, some farm types can 
never occur together in a farm: Beef Bulls (the finishing of male beef) can never occur 
alongside with Closed Beef Production (beef rearing and finishing combined), while Closed 
Pig Production (pig rearing and finishing combined) cannot occur with Pig Rearing or Pig 
Finishing. The latter two can occur together, if the ratio of total sows to fattening pigs is 
outside the range 0.2-0.33 (three to five times as many fattening pigs as there are sows). 
As we have no farm-specific income data, we need to allocate gross margins to all farms. 
For that purpose, we used accounting data provided by the Flemish Department of 
Agriculture and Fisheries. The data comprise farm type-specific average gross margins for 
the years 2009-2015, along with their standard deviations (Appendix 1, Table 9-2). For farm 
types for which we have no Flemish data, we used average Gross Margins from the 
neighboring country of the Netherlands, obtained from Wageningen Livestock Research 
(Blanken et al., 2017). In the absence of standard deviations specific to these farm types, 
we assumed a standard deviation equal to one-third of the average, to avoid that all farms 
of these types would have the same profitability. The farm types for which we adopted the 
Dutch data only account for 4.34% of the profit (see Appendix 1, Table 9-1).  
To acquire a gross margin for every farm type present on each farm, we sampled from a 
normal distribution using the following steps:  
(1) For every combination of farm and farm type present in the dataset, a random sample 
(z) from a standard normal distribution (N(0,1)) was taken; 
(2) The z-score was used to calculate the gross margin for every year between 2009-
2015, by adding z-times the standard deviation to the average gross margin (Eq. 3.1);  
 
𝐺𝑟𝑜𝑠𝑠 𝑀𝑎𝑟𝑔𝑖𝑛𝑓𝑎𝑟𝑚,𝑓𝑎𝑟𝑚𝑡𝑦𝑝𝑒 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐺𝑟𝑜𝑠𝑠 𝑀𝑎𝑟𝑔𝑖𝑛𝑓𝑎𝑟𝑚𝑡𝑦𝑝𝑒 + 𝑧𝑓𝑎𝑟𝑚,𝑓𝑎𝑟𝑚 𝑡𝑦𝑝𝑒 ∗




(3) The average for 2009-2015 was taken; 
(4) Observations with a negative gross margin were set to zero. 
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The following assumptions underlie this calculation: 
a) The gross margins within a farm type are normally distributed; 
b) The relative economic success of a farm type within a farm (i.e. the percentile within 
the distribution for the farm type) is assumed to be constant over the period 2009-
2015; 
c) If a farm consists of different farm types, then the different farm types are assumed to 
be totally independent of each other.  
Negative gross margins were set to zero for two reasons. Firstly, we deemed it unlikely that 
a farmer with consistently negative gross margins throughout the years would remain in 
business. Secondly, we wanted to avoid the situation where closing down these farms 
would result in adding the (negative) total revenue for them to the total economic benefit in 
the model simulations (see Section 3.2.3).  
3.2.2.4 Emission abatement measures 
To reduce their contribution to the deposition in protected habitats, farmers could apply 
ammonia-emission abatement techniques and measures, by adopting low ammonia 
emission stables and additional emission abatement measures from two official lists curated 
by the Flemish Research Institute for Agriculture, Fisheries and Food (ILVO, 2019). The 
different emission abatement measures from which the model can choose from are limited 
to those mentioned on these lists. The first list contains LAES (Low Ammonia Emission 
Stables) and air scrubbers for the Pigs and Poultry sectors. Emission factors (per livestock 
place) for LAES were obtained from the EMAV model (Vlaamse Milieumaatschappij; ILVO, 
2017). The second list contains additional emission abatement measures in addition to low-
emission housing. For these techniques, a percentage reduction in total emission is given. 
The costs per animal per year were obtained from Wageningen Livestock Research 
(Blanken et al., 2017). The costs accounted for are net additional costs compared to 
standard housing systems. Costs include both operational costs and capital costs. 
Sometimes, the LAES are cheaper than the standard stable type, resulting in negative 
additional costs. LAES-stable types taken up in our model are listed in Table 3-1. Stable 
types for which an alternative exists that is both cheaper and better (lower emission factor) 
were excluded from the list, because these measures would never be chosen by the 
optimization model. Chemical air scrubbers are an exception: this option was always 
retained as a possible choice, because it is the only option available when different animal 
categories are present in the same stable (e.g. piglets and fattening pigs). Only chemical 
air scrubbers were retained as an option: biological air scrubbers can be as effective as 
chemical air scrubbers in terms of ammonia emission abatement, but they have higher 




greenhouse gas (De Vries and Melse, 2017). Emission factors animal categories for which 




Table 3-1. Low Ammonia Emission Stables (LAES) included in the model. EF: Emission Factor (per livestock place). MAC: Marginal Abatement Cost, calculated 
by dividing the additional cost of the LAES by the net emission saving. Adapted from ILVO (2018) and Blanken et al. (2017). 




(€ a-1 yr-1) 
EF 
(kg NH3 a-1 yr-1) 
MAC 
(€ kg NH3-1) 
Piglets 
Reference emission 
0.69 kg NH3 a-1 yr-1 
V_1_4 Cooling pad system with 150% cooling surface 3.4 0.15 6.30 
V_1_5 Fully slatted with water- and manure channels, 
possibly provided with sloped walls, emitting manure 
surface smaller than 0.10 m² 
2 0.2 4.08  
S_2 Chemical air scrubber, 70% emission reduction 3.3 0.207 6.83 
Boars 
Reference emission 
5.5 kg NH3 a-1 yr-1 
S_2 Chemical air scrubber, 70% emission reduction 19 1.65 4.94 
Nursing Sows 
Reference emission 
4.35 kg NH3 a-1yr-1 






3 kg NH3  a-1yr-1 
V_4_7 Manure cellar with water- and manure channels, the 
latter with sloped walls, with slats different from 
triangular steel slats  
4.4 1.2 2.44 
S_2 Chemical air scrubber, 70% emission reduction 10 0.9 4.76 
Other sows 
Reference emission 
4.2 kg NH3 a-1yr-1 
V_3_4 Cooling pad system with 135% cooling surface 18 2.2 9 
V_3_5 Group housing, without straw bed, with sloped walls 
in the manure channel 
15 2.3 7.89 
V_3_6 Walkaround stable with feeding station and straw 
bed 
0 2.6 0 
S_2 Chemical air scrubber, 70% emission reduction 19 1.26 6.46 
Rearing Laying Hens 
Reference emission 
0.17 kg NH3 a-1yr-1 
P_2_1 Aviary, minimum 50% slatted floor, with manure belt 
below. Slats at a minimum of two levels. Manure belt 
rotated at least once a week. 
0.3 0.05 2.5 
P_2_3 Floor housing with heater and fans -0.01 0.082 -0.11 
S_2 Chemical air scrubber, 70% emission reduction 0.68 0.051 5.71 





0.17 kg NH3 a-1yr-1 
P_4_3 Aviary, minimum 50% slatted floor, with manure belt 
below. Slats at a minimum of two levels. Manure belt 
rotated at least once a week. 
-0.3 0.09 -0.38 
P_4_4 Aviary, minimum 30-35% slatted floor, with manure 
belt below aerated 0.7 m³ per animal per hour. Slats 
at a minimum of two levels. Manure belt rotated at 
least once a week. 
-0.14 0.025 -0.97 
S_2 Chemical air scrubber, 70% emission reduction 0,87 0.051 7.31 
(Grand)parents Laying Hens 
Reference emission 
0.32 kg NH3 a-1yr-1 
P_4_3 Aviary, minimum 50% slatted floor, with manure belt 
below. Slats at a minimum of two levels. Manure belt 
rotated at least once a week. 
-0.3 0.09 -1.30 
P_4_4 Aviary, minimum 30-35% slatted floor, with manure 
belt below aerated 0.7 m³ per animal per hour. Slats 
at a minimum of two levels. Manure belt rotated at 
least once a week. 
-0.14 0.025 -0.47 






0.08 kg NH3 a-1yr-1 
P_6_3 Floor housing with heaters and fans 0.01 0.035 0.22 
P_6_5 Multi-levelled system with manure belt and litter 
drying 
0.08 0.02 1.33 
S_2 Chemical air scrubber, 70% emission reduction 1.92 0.024 34.29 
Parents Broilers 
Reference emission 
0.58 kg NH3 a-1yr-1 
P_5_1 Group cage with manure belt and forced manure 
drying 
0.8 0.08 1.6 
P_5_4 Floor housing with manure aeration through pipes 
under the grated floor 
0.55 0.25 1.67 
P_5_5 Floor housing with aeration under partially raised 
grates (perfo system) 
0.75 0.23 2.14 
S_2 Chemical air scrubber, 70% emission reduction 1.92 0.174 4.73 
Rearing Parents Broilers 
Reference emission 
0.25 kg NH3 a-1yr-1 
P_7_5 Heaters and air mixing system for manure drying -0.11 0.155 -1.16 




Table 3-2. Emission factors for animal categories, included in the model, for which no Low Ammonia 
Emission Stables exist. EF: Emission Factor (per livestock place). Adapted from ILVO (2018) 
Animal category EF (kg NH3 a-1 yr-1) 
Dairy cows 9.5 
Dairy cattle, <1 year  3.9 
Dairy cattle, 1-2 years  4.4 
Suckler cows 5.3 
Beef cattle, <1 year  3.9 
Beef cattle, 1-2 years 4.4 
Beef bulls 9.5 
Finisher calves 2.5 
Boars 5.5 
Parents Ostriches 2.5 
Finisher Ostriches 1.8 
Parents Turkeys 0.59 
Finisher Turkeys 0.68 
Horses, >600 kg 5 
Horses, 200-600 kg 3.1 
Horses, <200 kg 1.3 
Goats < 1 year  0.8 
Goats > 1 year 1.9 
Sheep  0.7 
Parents rabbits 2.4 
Finisher rabbits 0.2 
 
Additional emission abatement measures are listed in Table 3-2. For these measures, a 
reduction percentage is provided, rather than an emission factor per animal place per year. 
No marginal abatement costs are given, because this cost depends on the emission factor 
for the stable type were the measure is applied: the higher the emission factor for the stable 
type where the measure is applied, the lower the marginal abatement cost (because of the 
higher net emission saving). Just as with the LAES, only emission abatement measures for 
which no cheaper and better alternative exists (higher percentage reduction) were retained 











Table 3-2. Additional emission abatement measures included in the model. Adapted from ILVO 
(2018) and Blanken et al. (2017). 








Dairy cows PAS_R_1_6 
 
Slatted floor with cassettes in grate 
slits, cleaning with manure scraper 




V-shaped floor from mastic 
asphalt, in combination with 
drainage pipe 
15 24 
Piglets PAS_V_1_1 Floating balls in manure pit 1 29 
Nursing Sows PAS_V_2_1 Floating balls in manure pit 13 29 
Other Sows PAS_V_3_1 Floating balls in manure pit 5 29 
Fattening Pigs PAS_V_4_1 Floating balls in manure pit 2 29 
 
3.2.3 Mixed integer programming 
3.2.3.1 Model description 
We implemented a static Mixed Integer Programming (MIP) model in the optimization 
software GAMS (GAMS Development Corporation, 2016). Our model starts from the 
assumption that, in the long term, every farmer faces the decision to build a new stable, 
either by replacing the old stable with a similar one or by building another stable type that 
is characterized by lower emission factors. Because a new stable has to be built anyway, 
only the difference in cost between the chosen alternative and the non-LAES option matters. 
The model maximizes the total benefit for Flanders for one year, which is the combined 
gross revenue for all farms, minus the cost of emission abatement for all farms, given a 
number of farm-specific and regional constraints (see below). The model looks at the 
problem from the policymakers’ viewpoint, optimizing the total benefit of the livestock sector 
while, at the same time, complying with environmental constraints. In this section, the main 
equations of the model are outlined. Parameters are denoted in upper case Latin letters, 
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sets in italic Latin letters and variables in lower case Greek letters. An overview of all sets 
(Appendix 1, Table 9-3), parameters (Appendix 1, Table 9-4) and variables (Appendix 1, Table 
9-5), including definitions, is given in Appendix 1, in order of appearance in the model 
description. Figure 3-1 gives a conceptual overview of the model, with the three modeling 
levels (stable, farm and region). The decision variables are at the level of the stable, while 
the objective function is at the regional level. At the intermediate level, the impact and the 
benefit of farms is calculated.  
 
Figure 3-1. Conceptual overview of model, with main variables and input parameters sorted per 
modeling level. The decision variables are put in a frame, input parameters are in italics. 
 
The emissions from a stable depend on the type of stable (Eq. 3.2-3.3) and the presence 






𝜈𝑠,𝑠𝑡 = 0 
For (s,st) ∈ 𝑆𝑡𝑎𝑏𝑙𝑒𝐶ℎ𝑜𝑖𝑐𝑒𝑠𝑠,𝑠𝑡 
(3.3) 
The binary variable 𝑣 represents the choice of stable type st for stable s. To ensure that, for 
every stable, a choice of stable type is made, the sum of 𝑣 over the sets s and st should be 
equal to one (Eq. 3.2). The variable is initialized to be 1 for the stable types that are originally 
present in the dataset. For a particular stable, the model can only choose from a limited 
number of stable types, defined as elements from the set 𝑆𝑡𝑎𝑏𝑙𝑒𝐶ℎ𝑜𝑖𝑐𝑒𝑠𝑠,𝑠𝑡 (Eq. 3.3). The 




stable is already of a Low Ammonia Emission Stable type (LAES), such as listed in Table 
3-1, the choice set is limited to this LAES. In other words, the model can only choose for 
another stable type for a particular stable, if that stable is not yet an LAES. For sectors for 







𝛽𝑠,𝑚 = 0 
For (s,m) ∈ 𝐴𝑏𝑎𝑡𝑒𝑚𝑒𝑛𝑡𝐶ℎ𝑜𝑖𝑐𝑒𝑠𝑠,𝑚 
(3.5) 
The binary variable β represents the choice of additional emission abatement measure m 
for stable s. Additional measures are optional, and maximally one choice of additional 
measure can be made per stable (Eq. 3.4). Additional measures are optional, and maximally 
one choice of additional measure can be made per stable (Eq. 3.4). Only for the farm type 
‘Dairy’, there is more than one additional emission abatement option (Table 3-3). However, 
since both measures entail flooring systems, they are mutually exclusive. The choice set is 
limited to elements from a set called 𝐴𝑏𝑎𝑡𝑒𝑚𝑒𝑛𝑡𝐶ℎ𝑜𝑖𝑐𝑒𝑠𝑠,𝑚 (Eq. 3.5). Because we have no 
data on the presence of additional emission abatement measures, we assumed that none 
of these measures is present in the starting situation. Therefore, the variable β is initialized 
as zero. 
 
𝜀𝜎𝑠,𝑠𝑡 = ∑ 𝐸𝐹𝑎𝑐,𝑠𝑡 ∗ 𝜈𝑠,𝑠𝑡 ∗  𝛼𝑠,𝑎𝑐
𝑎𝑐
 (3.6) 
For (s, st) ∈ 𝑆𝑡𝑎𝑏𝑙𝑒𝐶ℎ𝑜𝑖𝑐𝑒𝑠𝑠,𝑠𝑡 
 
 
𝛼𝑠,𝑎𝑐 ≤  𝑃𝑠,𝑎𝑐 
 
(3.7) 
Emissions from a stable without additional emission reduction (εσ) depend on the animals 
present in the stable (α), and the choice of stable type (𝜈) (Eq. 3.6). The Emission Factor 
EF is specific to the combination of animal category (ac) and stable type (st). No stable can 
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accommodate more animals than maximally allowed in the environmental permit 
(parameter 𝑃𝑠,𝑎𝑐) (Eq. 3.7). Because Eq. 3.6 would make our model non-linear (as it contains 
a product of two variables), the expression was linearized (Appendix 1, Eq. 9.1-9.4). 
Although the GAMS modeling software we use for optimization (GAMS Development 
Corporation, 2016) includes solvers for non-linear mixed integer programming models, 
linear models are generally solved much faster than non-linear models, so linearization is 
considered good practice in optimization modeling. 
 






For (s,m) ∈ 𝐴𝑏𝑎𝑡𝑒𝑚𝑒𝑛𝑡𝐶ℎ𝑜𝑖𝑐𝑒𝑠𝑠,𝑚 
 
 







The absolute emission reduction (ερ) by an additional emission abatement measure, 
defined over the sets m (abatement measure) and s (stable), is the product of binary 
variable β, the emission εσ of the stable without the additional measure and a parameter 
defining the percentage reduction in emission obtained with the measure (ER) (Eq. 3.8). 
This formulation is linearized in Eq. 9.5-9.8 of Appendix 1. The total emission from the 
stable, ε, is then given by εσ subtracted by ερ (Eq. 3.9). 
 









To aggregate the emissions at farm level (εφ, defined over the set f), the emissions from all 




obtain the emission for the Flanders region, ετ, the emissions from all farms are added up 
(Eq. 3.11).  
 












Eq. 3.12 adds up all animals present on a farm (αφ). We assume that the ratio of young 
animals to adult animals is constant at the level of the farm (Eq. 3.13). 𝐼𝑅𝑓,𝑎𝑐,𝑎𝑐′  is the initial 
ratio of young animals (set ac) to adult animals (set ac’) at farm level, calculated for every 
farm type present on that farm.   
 




For (s, st) ∈ 𝑆𝑡𝑎𝑏𝑙𝑒𝐶ℎ𝑜𝑖𝑐𝑒𝑠𝑠,𝑠𝑡 
 
       (3.14) 
Variable κ𝜎 represents the annual additional cost of a Low Ammonia Emission Stable 
(LAES), which depends on the number of animals present in the stable (𝛼𝑠,𝑎𝑐), the annual 
cost per animal 𝑌𝐶𝑎𝑐,𝑠𝑡 (Table 3-1) and the binary choice variable 𝜈𝑠,𝑠𝑡 (3.14). The 
linearization of Eq. 3.14 is presented in Eq. 9.9-9.13 of Appendix 1.   






For (s,m) ∈ 𝐴𝑏𝑎𝑡𝑒𝑚𝑒𝑛𝑡𝐶ℎ𝑜𝑖𝑐𝑒𝑠𝑠,𝑚 
 
 
Variable κρ represents the annual extra cost of emission abatement measures, which 
depends on the annual cost per animal 𝑌𝐾𝑎𝑐,𝑚 and the number of animals present in the 
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𝜅𝑠 = ∑ 𝜅𝜎𝑠,𝑠𝑡
𝑠𝑡


























Max. 𝜋𝜏 =  ∑ πφ𝑓𝑓  
 
(3.20) 
The emission abatement cost, which is the sum of the cost of the LAES and the additional 
abatement measure, is calculated at stable level (κ, Eq. 3.16) and at farm level (κφ, Eq. 
3.17). The revenue at farm level (ηφ) is given by Eq. 3.18, with 𝐺𝑀𝑓,𝑎𝑐 being the Gross 
Margin sampled from a normal distribution per farm type (Section 3.2.2.3). The profit per 
farm (πφ) is the revenue (ηφ) minus the emission abatement cost (κφ) (Eq. 3.19). The total 
benefit for the region (πτ) is calculated by Eq. 3.20. In 4 out of 5 scenarios in which the goal 
of the model is to maximize the overall benefit in Flanders, Eq. 3.20 is the objective function 












The total impact of ammonia deposition at protected Natura 2000 sites is estimated as the 
total Aggregate Deposition Score for all farms combined (Eq. 3.21). Because the Aggregate 
Deposition Score for every farm (𝐴𝐷𝑆𝑓) is valid for a standard emission of 5000 kg NH3 yr
-1 
(De Pue et al., 2017), it has to be rescaled to the real emission from the farm.  
3.2.3.2 Model scenarios 
We discern five scenarios in our model (Table 3-3).  In all scenarios but one, the overall 
regional benefit is maximized (Eq. 3.20). Scenario FC (full capacity) assumes the maximum 
number of animals allowed in every single farm, without any restriction on the impact of 
ammonia emission on Natura 2000 sites. Furthermore, in scenario FC, no choices for low 
ammonia emission stables (LAES) or additional abatement measures are allowed (Eq. 
3.22-3.23).  
𝜈𝑠,𝑠𝑡 = 1 for original stable type st in stable s (3.22) 
𝛽𝑠,𝑚=0 (3.23) 
The overall emission is thus only calculated based on the stable types originally present. 
This scenario represents the situation without any policy intervention to limit ammonia 
deposition in protected areas.  
In scenario CP1, the current Flemish policy is simulated, in which no farm is allowed to 
have a Significance Score higher than 5% (Eq. 3.24). As with the Aggregate Deposition 
Score, the Significance Score for every farm (𝑆𝑆𝑓) is valid for a standard emission of 5000 
kg NH3 yr-1, meaning that it has to be rescaled to the real emissions from the farm (εφ𝑓). 
Furthermore, we do not allow the model to choose other stable types or additional emission 
abatement measures (Eq. 3.22-3.23).   
εφ𝑓
5000
∗ 𝑆𝑆𝑓  ≤ 5 
(3.24) 
In scenario CP2, the same restriction on Significance Score as in CP1 is imposed (Eq. 
3.24), but the option for choosing LAES or additional emission abatement techniques is 
allowed. By comparing CP2 to CP1, the technological potential for emission abatement is 
assessed. In CP1, the only option to reduce ammonia emissions is to reduce the number 
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of animals, while in CP2, for some farms, building another stable type or adopting an 
additional emission abatement measures becomes an option. Scenario CP2 provides a 
reference for the two spatially optimized scenarios, SO1 and SO2. In these scenarios, we 
let the model freely decide where to allocate emissions, because no farm-level constraints 
on the Significance Score are imposed. Furthermore, animal categories that do not belong 
to farm types for which we have gross margins, are fixed to the maximum allowed per stable. 
In SO1, the overall impact (Eq. 3.25) is minimized, while constraining the result so that the 
overall economic benefit should be at least the same as in CP2 (Eq. 3.26).  
Min. 𝜄 =  ∑
εφ𝑓
5000
∗ 𝐴𝐷𝑆𝑓𝑓  (3.25) 
𝜋𝜏 ≥  𝜋𝜏𝐶𝑃2   (3.26) 
For complex MIP models, there is often an optimality gap between the objective result 
obtained and the estimated highest potential objective value (Jena and Poggi, 2013; Filippi 
et al., 2016). In other words, there is a difference between the incumbent solution (the 
solution reported by the software), and a value that bounds the best possible solution. 
Formulating the model scenario SO1 in a way that the overall impact is minimized (Eq. 3.25 
as objective function) resulted in a substantial optimality gap (>5%), and was much slower 
in terms of calculation time than the standard formulation in which the overall benefit is 
maximized (Eq. 3.20). Therefore, we first ran the scenario with Eq. 3.20 as the objective 
function, and then used the estimated objective value (the overall impact), as a constraint 
in the scenario formulation where the objective is to maximize the overall benefit (Eq. 3.20). 
Therefore, in SO1, we cannot ensure strict compliance with the constraint outlined in Eq. 
3.26. However, we can ensure that the overall benefit is in the same range as in scenario 
CP2 (see Section 3.3.1). In scenario SO2, the overall benefit is maximized (Eq. 3.20), 
provided that the overall impact cannot be greater than that obtained in CP2 (Eq. 3.27).  







Table 3-3. Scenario description. FC: Full Capacity scenario. CP1: Current Policy scenario 1. CP1: 
Current Policy scenario 2. SO1: Spatial Optimization scenario 1. SO2: Spatial Optimization scenario 
2. SS: Significance Score.  
 
Name Description 
FC Full Capacity, no stable choice or additional emission abatement 
CP1 Current Policy (SS < 5%), no stable choice or additional emission abatement 
CP2 Current Policy (SS < 5%), including stable choice and additional emission abatement 
SO1 Spatially optimal, minimal impact with benefit in same range as CP2, no individual impact 
constraints. Rabbits, other poultry, ostriches and horses are fixed to maximum. 
SO2 Spatially optimal, maximal benefit, impact similar to CP2, no individual impact constraints. 
Rabbits, other poultry, ostriches and horses are fixed to maximum. 
 
3.3 Results 
3.3.1 Regional Results 
Results of the 5 model scenarios on the regional level are displayed in Table 3-4. The current 
policy of restricting the individual significance score to 5% (CP1) results in a reduction in 
the total deposition impact of 26.1% compared to the full capacity case (FC), with a relatively 
modest decrease in total economic benefit (-5.4%). Allowing the switch to other stable types 
and the adoption of emission abatement measures (CP2), the deposition impact decreases 
by a further 2.3% compared to CP1, while the total economic benefit increases slightly 
(+1.6%). Allowing for emission abatement measures thus enables the impact on Natura 
2000 areas to be reduced even further. The benefit is higher for CP2 compared to CP1, 
because the model can choose for the cheaper option of emission abatement, instead of 
reducing the number of animals (and thereby the revenue) of the farm. However, in the 
spatially optimal scenario SO1, the deposition impact decreases by 40.2% compared to 
CP2, with a similar total benefit (-0.4% in SO1), highlighting room for improvement in the 
effectiveness of the spatially differentiated policy (obtaining the best environmental quality 
at similar cost). Also in terms of efficiency, there is room for improvement: in SO2, the 
economic benefit increases by 3.4% compared to CP2, with equal impact to CP2. The 
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emisson abatement costs amount to 6 million euros in SO2, compared to 47 million euro in 
CP2. The higher effectiveness of SO1 and efficiency of SO2 comes at the cost of a 
substantially higher number of stable and farm closures. If we look at the number of closed 
stables per farm type (Table 3-5), we observe that, within the Cattle sector, the Closed Beef 
Production farm type is much more affected (12.0% of stables closed in SO1) than the Dairy 
farm type (4.4% closed in SO1), which is largely due to the lower profitability (in the years 
2009-2015) of the former compared to the latter (Table 2, A4). In the Pig sector, the 
percentage of closed farms is around 6% in SO1 for all farm types (Pig Finishing, Pig 
Rearing and Closed Pig Production). For the Poultry sector, the percentage of closed 
stables in SO1 ranges from 4.0% (Parents Broilers) to 14.6% (Turkeys).  
Table 3-4. Regional results. FC: Full Capacity scenario. CP1: Current Policy scenario 1. CP1: 
Current Policy scenario 2. SO1: Spatial Optimization scenario 1. SO2: Spatial Optimization scenario 
2. ADS: Aggregate Deposition Score. The percentage change for the emission, impact and benefit 
compared to the reference scenario is shown between brackets. A: Percentage change compared to 
FC. B: Percentage change compared to CP1. C: Percentage change compared to CP2.       
 FC CP1 CP2 SO1 SO2 
Total NH3 emission 
(kton/yr) 
35.7 33.3 (-6,7%)A 32.7 (-1,8%)B  24.1 (-26,3%)C   31.1 (-4,9%)C 
Total impact (Σ ADS)  28976 21416 (-26,1%)A 20924 (-2,3%)B 12510 (-40,2%)C 20924 (-0%)C 
Total benefit (billion 
€) 
1.230 1.164 (-5,4%)A 1.183 (+1,6%)B 1.178 (-0,4%)C 1.224 (+3,5%)C 
Total abatement 
cost (million €) 
0 66 47 52 6 
Number of closed 
stables (max 44540) 
0 698 644 4156 2121 
Number of closed 
farms (max 23408) 
0 117 117 1710 918 





Table 3-5. Number of closed stables per farm type. CP1: Current Policy scenario 1. CP1: Current 
Policy scenario 2. SO1: Spatial Optimization scenario 1. SO2: Spatial Optimization scenario 2. 
 CP1 CP2 SO1 SO2 
Dairy 217 (1.4%) 175 (1.1%) 693 (4.4%) 334 (2.1%) 
Closed Beef Production 221 (1.0%) 182 (0.9%) 2608 (12.0 %) 1193 (5.5%) 
Beef Bulls 366 (3.5%) 353 (3.3%) 931 (8.8%) 669 (6.3%) 
Veal 209 (1.5%) 169 (1.2%) 911 (6.7%) 361 (2.6%) 
Pig Finishing 204 (1.8%) 176 (1.6%) 748 (6.6%) 383 (3.4%) 
Pig Rearing 93 (1.6%) 77 (1.3%) 357 (6.2%) 230 (4.0%) 
Closed Pig Production 16 (1.3%) 18 (1.5%) 67 (5.5%) 42 (3.4%) 
Broilers 71 (4.5%) 58 (3.7%) 120 (7.7%) 47 (3.0%) 
Laying Hens 26 (2.4%) 21 (1.9%) 56 (5.1%) 24 (2.2%) 
Parents Broilers 5 (2.2%) 3 (1.3%) 9 (4.0%) 1 (0.5%) 
Rearing Laying Hens 9 (3.0%) 8 (2.7%) 26 (8.8%) 7 (2.4%) 
Rearing Parents Broilers 5 (3.1%) 5 (3.1%) 16 (10.0%) 1 (0.6%) 
Turkeys 12 (6.7%) 7 (3.9%) 26 (14.6%) 9 (5.1%) 
Goats 26 (2.4%) 27 (2.5%) 59 (5.4%) 23 (2.1%) 
Sheep 74 (1.8%) 76 (1.8%) 261 (6.2%) 117 (2.8%) 
 
3.3.2 Sectoral results 
In Figure 3-2, the relative share of the different sectors in the total emission (upper panel), 
the total impact (middle panel) and the total benefit (lower panel) is shown. The share of the 
three largest sectors, Cattle, Pigs and Poultry, is highlighted as percentages. In the case 
where all Flemish stables are full (FC), Cattle make up 32.9% of emissions, 38.2% of the 
deposition impact and 56.6% of the total benefit. By contrast, for Pigs, the relative share is 
Fine-tuned emission abatement 
75 
 
larger in terms of emissions (51.4%), compared to impact (42.3%) and benefit (30.4%). The 
relative share of the impact by the Cattle and Poultry sectors is larger than their relative 
share of the emissions, indicating that, on average, these types of farms are situated closer 
to natural areas than pig farms. While hardly any difference is observed in the shares of the 
total benefit over all the scenarios, the shares of the total deposition impact differ 
substantially, especially when comparing the current policy (CP1 and CP2) to the strictest 
Spatial Optimization scenario (SO1). The relative share of the Cattle sector in the total 
impact increases from 38.2% in FC to 51.1% in SO1, with the share of the emission 
increasing from 32.9% to 38.1%. Results split according to farm type are shown for scenario 
FC in Figure 9-1, Figure 9-2 and Figure 9-3 (Appendix 1). 
In Figure 3-3, the percentage reduction in animals is shown for all scenarios, grouped per 
sector. Because in CP2, adopting emission abatement measures is allowed, the required 
reduction for pigs, poultry and dairy cattle is smaller than in CP1. This is not the case for 
farm types for which no LAES or additional abatement measures exist, such as beef cattle. 
As mentioned earlier, the Spatial Optimization scenarios give rise to a high number of closed 
stables, which is also reflected in the higher percentage of animal reductions for most 
livestock categories in scenarios SO1 and SO2 compared to CP1 and CP2. Beef cattle are 









Figure 3-2. Relative share of the sectors in the total emission (upper panel), impact (middle panel) 
and benefit (lower panel), for all 5 scenarios. FC: Full Capacity scenario. CP1: Current Policy 
scenario 1. CP1: Current Policy scenario 2. SO1: Spatial Optimization scenario 1. SO2: Spatial 










Figure 3-3. Percentage reduction in animals for all animal categories. FC: Full Capacity scenario. 
CP1: Current Policy scenario 1. CP1: Current Policy scenario 2. SO1: Spatial Optimization scenario 
1. SO2: Spatial Optimization scenario 2. 
 
3.3.3 Stable type and emission abatement choice 
For every stable in Flanders, a discrete choice of stable type and optional additional 
emission abatement technique is made using the model in scenarios CP2, SO1 and SO2, 
according to Eq. 3.2-3.5. In Figure 3-6, 3-5 and 3-6, the resulting stable choice is mapped for 
the most important farm type per sector (in terms of share of the total profit, see Table 9-1 in 
Appendix 1), for SO1 (spatial optimization scenario 1). For dairy stables (Figure 3-4), there 
are no LAES types, but the model can choose from two additional emission abatement 
measures. A striking zonal pattern appears on the map: in the west, for most stables, no 
additional emission abatement measures are chosen, while in the eastern half, measure 
PAS_R_6 (Slated floor with cassettes in grate slits, cleaning with manure scraper or manure 
robot) is chosen for most stables. In the west, this option is only chosen by the model in the 
immediate vicinity of Natura 2000 sites. In locations with an intermediate Aggregated 
Deposition Score, the model chooses emission abatement measure PAS_R_14 (V-shaped 
floor from mastic asphalt, in combination with drainage pipe), which is cheaper but less 





Figure 3-4. Stable type and additional emission abatement choice for dairy, Spatial Optimization 
scenario 1 (SO1). Non-LAES: Non-Low ammonia emission stable. PAS_R_1_14: V-shaped floor 
from mastic asphalt, in combination with drainage pipe. PAS_R_1_6: Slatted floor with cassettes in 
slats, cleaning with manure scraper or manure robot. Protected habitats (Special Areas of 
Conservation) are shown in black. 
 
For finisher pig stables (Figure 3-5), the model can choose for both LAES and additional 
emission abatement measures. A total of six combinations is possible. The non-LAES 
option without additional emission abatement only occurs in the west. Closer to protected 
habitats, zonal patterns appear, where a Chemical Air Scrubber (S_2) is the option 
preferred by the model in the immediate vicinity of the reserves, with stable type V_4_7 
(Manure cellar with water- and manure channels, the latter with sloped walls, with slats 
different from triangular steel grates) the intermediate choice. In the western half of 
Flanders, only five stables are assigned with the most expensive option, a combination of 
Chemical Air Scrubbers and measure PAS_V (Floating balls in manure pit). Furthermore, 
the zonal pattern of emission abatement techniques extends further in a south-westerly 
direction from the protected habitat than in other directions, reflecting the dominant wind 
direction in Flanders that underlies the impact modeling (De Pue et al., 2017). In the eastern 
half of Flanders, all but one finisher pig stable adopt emission abatement techniques.  




Figure 3-5. Stable type and additional emission abatement choice for pig finishing, Spatial 
Optimization scenario 1 (SO1). Non-LAES: Non-Low ammonia emission stable. PAS_V: Floating 
balls in manure pit. V_4_7: Manure cellar with water- and manure channels, the latter with sloped 
walls. S_2: Chemical air scrubber, 70% emission reduction. P_6_3: Floor housing with heaters and 
fans. P_6_5: Multi-levelled system with manure belt and litter drying. Protected habitats (Special 
Areas of Conservation) are shown in black. 
 
For broilers (Figure 3-6), the model can choose from two LAES, but no additional abatement 
measures. Because the options are relatively cheap in terms of marginal abatement costs 
(see Table 1), there are only five stables in which no LAES is chosen. The western part of 
Flanders sees a mix of stable types P_6_3 (Floor housing with heaters and fans) and the 
P_6_5 (Multi-levelled system with manure belt and litter drying), the latter more confined to 
high impact regions in proximity to protected habitats. In the east, stable type P_6_5 is by 
far the most abundant choice, with the limited amount of stables with type P_6_3 confined 





Figure 3-6. Stable type and additional emission abatement choice for broilers, Spatial Optimization 
scenario 1 (SO1). Non-LAES: Non-Low ammonia emission stable. P_6_3: Floor housing with heaters 
and fans. P_6_5: Multi-levelled system with manure belt and litter drying. Protected habitats (Special 
Areas of Conservation) are shown in black. 
 
3.4 Discussion 
In this chapter, we evaluated the spatially differentiated licensing policy in Flanders that 
aims to limit nitrogen deposition in Natura 2000 sites that is attributable to livestock farming. 
Our results indicate that the current policy of limiting pollution restriction to farms that have 
a Significance Score higher than 5% does not allow utilization of the full emission reduction 
potential. This observation is in line with Cools et al. (2015), who stressed the fact that the 
high number of farms with a Significance Score lower than 5% contribute more to nitrogen 
deposition in natural areas than the fewer farms that have a Significance Score above that 
threshold. We demonstrated that the total Aggregate Deposition Score, an indicator that 
links nitrogen deposition to nitrogen sensitivity (critical loads) in all protected habitats, could 
potentially be reduced by as much as 40%, with no additional cost compared to the current 
policy. This suggests that farm-specific limits on the Aggregate Deposition Score are a 
valuable addition to limits on the Significance Score. In this way, the advantages of each 
indicator could be combined: protecting each habitat cell with the Significance Score and 
limiting the total impact on all habitat cells with the Aggregate Deposition Score (De Pue et 
al., 2017). 
Our region-level model looks at the problem of nitrogen deposition from a policymakers’ 
point of view. However, in the Current Policy scenarios (CP1 and CP2), the regional 
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optimum equates with the optimum for individual farms, as for all farms, the model chooses 
the most cost-effective (cheapest) option to limit the Significance Score to 5%, reflecting the 
farmers’ choice for the cheapest emission abatement option available. Furthermore, we 
argue that the Spatial Optimization scenarios (SO1 and SO2), to some extent, also reflect 
farmers’ individual decisions. A region-level profit maximization with the optimization of the 
sum of profits of individual farms under some global constraints, such as maximum impact 
of nitrogen deposition in protected habitats, is the same as individual farm profit 
maximization with a perfect market between the farms for the resources defined by the 
global constraint (Van der Straeten et al., 2010; Van Der Straeten et al., 2011). In that 
regard, the spatial optimization scenarios SO1 and SO2 simulate a market for concentration 
permits without transaction costs and with permits defined at each receptor level. In other 
words, we model a region-level profit maximization that could reflect individual profit 
maximization if the environmental costs are fully internalized. This is theoretically possible 
using tradable concentration permits (Van Der Straeten et al., 2011). However, this is 
difficult to put into practice because of transaction costs and the high number of receptors. 
Furthermore, scenarios SO1 and SO2 are characterized by a high number of closed farms. 
Policy scenarios resulting in such high numbers of farm closures would likely be received 
with fierce farmers’ protests.” 
Our spatially explicit MIP model allows selection of the most appropriate stable type and 
emission abatement technique for every livestock housing facility in Flanders. From the 
model results, it is clear that the abatement choice is not limited to the most cost-effective 
option (with the lowest marginal abatement cost): not only does the cost per kg in reduced 
pollutant matter, but also the absolute quantity of emission reduction offered by the 
abatement measure (Eory et al., 2018). Zonal patterns appear when the stable type and 
emission abatement choice are mapped, in accordance with the heterogeneity of the impact 
of emissions. In the eastern half of Flanders, where ammonia emissions have a higher 
impact because of the higher abundance of Natura 2000 sites compared to the western 
half, the model tends to choose the more expensive and effective options. In that region, 
the environmental gain of having a higher level of emission abatement outweighs the 
additional cost of the more expensive stable type or additional abatement measures. In the 
west, the outcome is more variable than in the east, with the most effective option being 
picked only in the areas immediately next to the sensitive habitats.  
Looking at the reduction in animals and the closure of stables, substantial differences 
between farm types appear. For farm types for which no LAES or additional emission 
abatement options exist, such as Closed Beef Production and Beef Bulls, the only option to 




and the share in animal reductions is much greater for these farm types than for Dairy. 
Another factor contributing to this is the low profitability of beef cattle compared to dairy. 
The relative share of the main sectors in the total impact on Natura 2000 sites shows a 
notable trend from the Full Capacity scenario to the spatially optimized SO1, with the share 
for the Pig and Poultry sectors decreasing significantly, resulting in a relatively higher share 
for the Cattle sector. However, for the total economic benefit, no such shift occurs. While 
scenario SO1 results in similar economic costs for all sectors, it seems to be much more 
effective in limiting the environmental impact of Pigs and Poultry than the impact of Cattle. 
We hypothesize that this is also an effect of the lower profitability of beef cattle, which results 
in closing down beef stables even in areas further away from protected sites, while for Pigs 
and Poultry, emission reduction efforts are focused on high-impact areas.  
Because of privacy concerns, we did not have access to X- and Y-coordinates for the 
stables from the VLM dataset, but only an identifier for the municipality. We used a random 
allocation mechanism to assign all stables from a municipality to known locations of animal 
housing facilities in that municipality. Repeated randomization runs barely shift the overall 
results from our simulations, so we claim that this spatial allocation mechanism is valid (see 
Chapter 5). Similarly, we randomized Gross Margins by sampling from a normal distribution 
with mean and standard deviation per sector, obtained from the Flemish Department of 
Agriculture and Fisheries. All farms from the same farm type were sampled from the same 
distribution, regardless of their size, although gross margins are partially size-dependent 
due to economies of size (Duffy, 2009). Furthermore, the data refer to the period 2009-
2015, which is not necessarily representative of the long-term situation.  Another limitation 
of our study relates to the choice of emission abatement options, which do not currently 
include input-related abatement options, such as reducing the crude protein content in the 
animal diets (Loyon et al., 2016). Decreasing the crude protein content in pigs might reduce 
the N excretion in fattening pigs with 25-50% and in poultry with 50%, but the main 
disadvantage that the feed costs are higher due to amino acid supplementation costs 
(Loyon et al., 2016). The efficiency of dietary control, and the costs of control and follow-up 
of this measure, certainly merits study in its own right. 
Our current model is static: it represents the long-term situation in which all farms faced the 
decision to build a new stable and adopt additional emission abatement techniques. 
However, this decision comes at different points in time for every farm, depending on when 
the stables are completely depreciated or when the term of the environmental permit has 
ended. The permanent environmental permit was introduced in Flanders in 2018, replacing 
a system of temporary environmental permits that were valid for 20 years (Vlaanderen 
Departement Omgeving, 2017). All stables that were built before 2018, have a permit for 20 
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years and were licensed or relicensed in the 20 years preceding 2018 (1998-2017). By 
considering this, we can make our model dynamic, which would allow us to answer not only 
the question of how we could diminish ammonia deposition in natural areas, but also in what 
timeframe this could be achieved. Furthermore, a dynamic model would allow us to check 
whether the emission reductions achieved from livestock housing keeps pace with the 
reduction goals laid out in the National Emissions Ceilings (NEC) directive (The European 
Parliament and the council of the European Union, 2016). 
3.5 Conclusion 
Our simulations indicate that there is substantial room for improvement in terms of 
environmental effectiveness of the Flemish ammonia policy, by reducing the overall impact 
on protected habitats without reducing the total economic benefit. Secondly, the static mixed 
integer linear programming framework, integrating atmospheric dispersion modeling, 
economic data, environmental and farm census data, allowed identification of the optimal 
stable types and ammonia abatement measures for all livestock farms in Flanders. We 
believe that this study might help policy makers to improve the current spatially 
differentiated policy: firstly by supplementing the restriction on the Significance Score with 
a restriction on the Aggregate Deposition Score, and secondly by differentiating advice and 
subsidies to farmers in the direction of the desired emission abatement techniques. 
Moreover, the applicability of such a fine-tuning approach extends beyond the borders of 







4 CHAPTER 4 
Safeguarding Natura 2000 habitats from 
nitrogen deposition by tackling ammonia 
emissions from livestock facilities  
Based on: De Pue, D., and Buysse, J. (2019) ‘Safeguarding Natura 2000 habitats from nitrogen 
deposition by tackling ammonia emissions from livestock facilities’, No 289827, 172nd EAAE 
Seminar, May 28-29, 2019, Brussels, Belgium from European Association of Agricultural Economists 
Abstract 
Nitrogen deposition is one of the main environmental threats to the conservation goals in 
areas protected by the European Habitats Directive, a problem that is quite pronounced in 
the livestock-rich region of Flanders, Belgium. Livestock farms are often located close to 
Natura 2000 areas. Therefore, ammonia emissions from livestock housing and manure 
storage have a high contribution to the deposition to these nearby protected habitats. In 
order to control this problem, the Flemish government imposes restrictions on livestock 
farms with a high impact on protected habitats. This chapter demonstrates that this policy 
is insufficient to meet the long-term target of zero-exceedance of the critical load for nitrogen 
in all Flemish Natura 2000 areas. Using the integrated spatially explicit modeling approach 
outlined in Chapter 3, in this Chapter we show that the effectiveness of this spatially 
differentiated policy is rather limited in terms of the percentage of habitats in exceedance of 
the critical load for nitrogen. In order to obtain good conservation status in all habitats, 
emission abatement efforts would need to extend beyond the livestock sector. Furthermore, 
the policy affects some livestock subsectors more than others, while similar discrepancies 
are unveiled at the level of different habitat types. By means of four different habitat classes, 






The emission of nitrogen oxides (NOx) and ammonia (NH3) to the air contributes to 
eutrophication, due to deposition of these reactive nitrogen compounds to soils, vegetation 
and surface waters (European Environment Agency, 2018a). The sensitivity of ecosystems 
to this process of atmospheric nitrogen deposition is reflected through the critical load, the 
amount of nitrogen an ecosystem can maximally absorb without negative effects (European 
Environment Agency, 2018a). In 2016, the critical load for eutrophication was exceeded in 
73% of the ecosystem area in the EU28 (EMEP, 2018). Nitrogen deposition is one of the 
major threats to the Natura 2000 network, the pan-European network of protected sites 
aimed at conserving or restoring threatened and endangered species and habitats, 
established by the European Habitats Directive (Schoukens, 2017). Article 6 of the Habitats 
Directive requires member states to avoid further deterioration of habitats and additional 
adverse impacts, which puts a limit to permitting additional nitrogen emissions in the vicinity 
of Natura 2000 sites (Schoukens, 2018). The EU’s objective is to have non-exceedance of 
the critical load in all European ecosystem areas by 2050 (European Environment Agency, 
2018a). 
Among the economic activities most affected by this legislative requirement is agriculture: 
it contributes 92% of the total NH3 emission in the EU (European Environment Agency, 
2018a), and farms often have a relatively high impact on neighboring natural sites because 
most of the emitted NH3 is deposited close to the emission source (Loubet et al., 2009). The 
livestock sector has a share of 82% of the total agricultural NH3 emission (Leip et al., 2015). 
Emissions from animal housing and manure storage can be considered as point sources, 
in contrast to diffuse emissions coming from manure spreading and grazing (Carnell et al., 
2017). Due to the high spatial variability of NH3 concentrations and deposition (Vogt et al., 
2013), spatially targeted emission abatement is a favorable policy strategy to alleviate 
ammonia deposition in Natura 2000 areas (Dragosits et al., 2006; Hicks et al., 2011).  
In accordance with Article 6 of the Habitats Directive and in order to improve the 
conservation status of Natura 2000 habitats and species, European member states have to 
take action to alleviate the problem of nitrogen deposition. Among the regions in Europe 
with the highest amount of nitrogen deposition are Denmark (Ellermann et al., 2018), the 
Netherlands (Kros et al., 2013), the German state of Lower Saxony (Wagner et al., 2017) 
and the Belgian region of Flanders (De Pue et al., 2017), each characterized by a high 
density of livestock. In the Netherlands, the national government developed the 
Programmatic Approach to Nitrogen (Bouwma et al., 2018). The goal of this integrated 
policy program is to ensure that the European nature objectives are achieved, while at the 
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same time leaving room for economic development (Luesink and Michels, 2018). Under this 
concept, general emission abatement and site-specific management and restoration 
measures create room for deposition, which can be used to permit livestock farms 
(Schoukens, 2017; Luesink and Michels, 2018). However, the Dutch Programmatic 
Approach to Nitrogen was recently abolished in response to a court ruling (see Section 
1.6.5, Section 7.3).  
Flanders, the region of Belgium that neighbors the Netherlands to the south, came up with 
its own Programmatic Approach to Nitrogen, which includes specific restrictions to farms 
that contribute a high share of the nitrogen deposition in relation to the critical load. The 
policy targets agricultural point emissions from animal housing and manure storage. If the 
nitrogen deposition attributable to a farm amounts to more than 50% of the critical load in a 
habitat, it cannot acquire a permit, while farms contributing 5 to 50% of the critical load can 
only be licensed under specific conditions, such as a guarantee that NH3 emissions do not 
increase (Chapter 1).   
In this study, we evaluated the effectiveness and efficiency of this spatially differentiated 
policy at the level of individual farms and habitats in Flanders, using the spatially explicit 
integrated modeling approach described in Chapter 3 (De Pue et al., 2019). Furthermore, 
we simulated two additional scenarios that are more effective concerning deposition in 
protected habitats. Our model allows comparing the emission abatement efforts between 
different livestock subsectors and the effects on different habitat types protected within the 
Flemish Natura 2000 network, revealing disparities on these two levels. While the model 
reported in Chapter 3 enables simulating emission abatement measures for individual 
stables in a spatially explicit way, the extension of the model presented in this chapter allows 
studying the effectiveness of different policy scenarios at the level of different Natura 2000 
areas, habitat types and even individual receptors.  
4.2 Methods 
4.2.1 Research approach and scope 
Our analysis is focused on the region of Flanders, Belgium, looking at ammonia emissions 
from livestock housing and its impact on protected Natura 2000 areas through deposition. 
The optimization model used in this chapter integrates data on 23 408 livestock farms and 
71 787 hectares of protected habitats within the Natura 2000 network (habitats that are 
currently present, De Saeger et al., 2016), divided over 38 Special Areas of Conservation. 
Note that there is a difference between the total surface area protected by the Habitats 
directive (105 022 hectares, Instituut voor Natuur- en Bosonderzoek, 2016) and the 




hectares, De Saeger et al., 2016). In the analysis presented in the previous two chapters, 
we used receptor data from a map which includes, along with habitats that are already 
present, additional areas where habitat types are anticipated and provisional search areas 
(see Section 2.2.4), containing a total of 116 023 hectares of protected habitat. For this 
analysis, we only used present Natura 2000 habitat types, for two reasons: (1) the dataset 
of currently present habitats explicitly contains the name of the habitat types, while the 
extended map does not; (2) the newly introduced scenario in this analysis (Proportionate 
Reduction, see 4.2.3) is computationally intensive, making the use of the smaller receptor 
dataset more feasible.  
The economic-ecological mixed-integer linear programming (MIP) modeling approach is 
described in detail in Chapter 3. The model optimizes the total economic benefit for the 
livestock sector in Flanders, while at the same time complying with predefined 
environmental targets regarding deposition in protected areas. Farms can consist of 
multiple stables. On the level of individual stables, the model integrates information on the 
type of animals, the maximum number of animals, and the current stable types. In the 
scenario runs, the model chooses the stable type, optional additional emission abatement 
techniques, and the number of animals, which determines the ammonia emission and the 
abatement cost. To decrease the emission of a farm, the model can choose between 
technical emission abatement (low-ammonia emission stable type, air scrubbers, etc.), a 
reduction of output (animal numbers), or a combination thereof. At the farm level, the net 
revenue for the farm is calculated, taking into account the gross margin per animal category 
and the abatement costs for all the stables. The impact on neighboring Natura 2000 sites 
is also calculated at the farm level by integrating atmospheric dispersion modeling with 
information on the sensitivity of the habitat types (De Pue et al., 2017), reflected in the 
critical loads for nitrogen (Ferm, 1998; Krupa, 2003). A critical load for a habitat is defined 
as a level of nitrogen deposition (expressed in kilograms of nitrogen per hectare per year), 
below which no significant harmful effects are expected according to current knowledge. 
Lastly, at the regional level of Flanders, the aggregated emission, impact and revenue are 
calculated. In addition to the different receptor map used, the model used in the current 
chapter differs from the one described in Chapter 3 in that it allows to study and visualize 
impacts in each hectare of protected land, instead of merely evaluating aggregated impact 
through the Aggregate Deposition Score (De Pue et al., 2017, 2019). Furthermore, it allows 
including scenarios where a good conservation status of all habitats is a prerequisite (see 
4.2.3). 
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4.2.2 Habitat class 
In order to evaluate the effectiveness of the different policy scenarios for each hectare of 
protected habitat, we introduce the concept of habitat class, a color code that reflects the 
status of the habitat and the adequacy of modeled livestock emission reductions. The 
habitat class assignment is done for each of the 71 787 hectares of protected habitat and 
is based on the relation between the total nitrogen deposition in the habitat before (TNDref) 
and after (TNDscenario) emission reduction, the critical load of the habitat (CL) and the 
deposition attributable to local livestock before (LNDref) and after (LNDscenario) emission 
reduction (Table 4-1). Whether a reduction of ammonia emission in local livestock facilities 
is sufficient to get below the critical load is greatly dependent on the average deposition 
attributable to local livestock. It is important to note that local livestock is not the only sector 
contributing to nitrogen deposition in Natura 2000 areas, and that a sizeable share of the 
deposition can be attributed to reactive nitrogen imported from beyond the study area of 
Flanders (Lefebvre and Deutsch, 2015a). The conditions for assigning all habitats to 
different classes are outlined in Table 4-1. The total deposition after emission reduction can 
be either above or below the critical load. If the total deposition is below the critical load 
even without emission reduction, we assign the class ‘blue’ to the habitat. If deposition 
decreases below the critical load due to emission reduction, we assign the class ‘green’. 
For habitats that are still in exceedance of the critical load, even after emission reduction, 
the color assignment depends on the relative decrease of the deposition attributable to local 
livestock facilities. If the reduction is proportionate to the required reduction to get below the 
critical load if all contributing sectors do a similar effort, the class ‘yellow’ is assigned. This 
means that the ratio of the local deposition in the scenario to the local deposition in the 
reference is smaller than the ratio of the critical load to the total deposition in the reference. 
If the last condition is not fulfilled, it means that the reduction is insufficient to get below the 
critical load even if all sectors do a similar effort as the local livestock facilities, in which 










Table 4-1. Habitat classes. TNDref: Total Nitrogen Deposition in reference scenario. TNDscenario: Total 
Nitrogen Deposition after policy implementation. CL: critical load for nitrogen deposition. LNDref: 
Deposition attributable to local livestock housing in reference scenario. LNDscenario: Deposition 
attributable to local livestock housing after policy implementation. 
 
Habitat Class Description Condition 
 <CL before reduction TNDref < CL 
 <CL TNDref >= CL AND 
TNDscenario < CL 
 >CL, reduction sufficient TNDref >= CL AND 
TNDscenario >= CL AND 
LNDscenario/LNDref  < CL/TNDref 
 >CL, reduction insufficient TNDref >= CL AND 
TNDscenario >= CL AND 
LNDscenario/LNDref  >= CL/TNDref 
 
4.2.3 Scenarios 
We modeled four scenarios. In the Full Capacity (FC) scenario, we assume that all 
livestock farms are at their maximum capacity (maximally permitted animal numbers for the 
year 2015, see Chapter 3, De Pue et al., 2019). As there is no environmental target imposed 
on the model, this scenario provides the reference situation without any additional emission 
abatement. The Current Policy (CP) scenario aims to simulate the current spatially 
differentiated measures embedded within the Flemish Programmatic Approach to Nitrogen, 
which is to limit the individual contribution of livestock farms to maximum 5% of the critical 
load in each of the habitats they affect. This scenario is equivalent to scenario CP2 in 
Chapter 3. In the Spatial Optimization (SO) scenario, there are no individual impact 
constraints on the farms, but the overall impact on Natura 2000 sites is minimized while the 
overall abatement costs for all farms combined should be in the same range as in the CP 
scenario. This scenario is equivalent to the SO1 scenario presented in Chapter 3. Lastly, 
the strictest scenario is the Proportionate Reduction (PR) scenario, where we impose 
that, in all habitats, the percent reduction of the part of deposition originating from 
neighboring livestock facilities should be at least sufficient to get below the critical load. In 
other words, none of the protected habitats is allowed to be of the ‘red’ habitat class. In 
addition to the aforementioned scenarios, we also simulated two series of scenarios in 
which a gradual reduction in the total ammonia emission and the total impact, respectively, 
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is imposed (-10% to -60%, in steps of 10%), while maximizing the overall economic benefit 
(which is equivalent to minimizing the abatement cost). These gradual reduction scenarios 
reveal the marginal abatement cost for both ammonia emission reduction and impact 
(Aggregate Deposition Score) reduction, reported as shadow prices for the regional 
emission constraint and the regional impact constraint, respectively.  
4.3 Results 
4.3.1 Regional results 
The model generates results at different levels, including at the level of individual emission 
sources, protected habitats and municipalities. Here, we only show the most relevant 
results, in light of the research questions we presented earlier. Table 10-1 in Appendix 2 lists 
the main outputs generated by the model. Table 4-2 shows the main results at the regional 
level. Limiting the significance score of each of the 23 408 farms to 5% results in a reduction 
of the total deposition impact of 19.5%, with a reduction in the total benefit of just 2.3% (total 
abatement cost of 28 million euros). The percentage of habitats with an exceedance of the 
critical load for nitrogen decreases from 56.2% in the Full Capacity case to 52.3% in the CP 
scenario, with 33.9% of the habitats in an unfavorable condition (habitat class ‘red’). In the 
spatial optimization scenario, the percentage of habitats with an exceedance of the critical 
load is further reduced to 45.5%, with 7.7% of the habitats in an unfavorable condition, with 
a total benefit comparable to the Current Policy scenario (-0.4%). In the Proportionate 
Reduction scenario, the critical load exceedance drops to 42.9%. Although a prerequisite 
that all habitats should be in a favorable state (habitat class ‘yellow’ or better) in this 
scenario, there is still 0.1% of habitats in an unfavorable state (habitat class ‘red’). This is 
due to the issue that in mixed integer programming, the solver does not succeed in finding 
the exact optimum for complex problems within reasonable computational time limits. 
Obtaining the strict environmental target comes at a considerable cost: the total abatement 
cost in the PR scenario amounts to 206 million euros, over five times as much as in the 
Current Policy scenario (total benefit -14.8% compared to CP). Furthermore, over 4000 







Table 4-2. Regional results. FC: Full Capacity scenario. CP: Current Policy scenario. SO: Spatial 
Optimization scenario. PR: Proportionate Reduction scenario. ADS: Aggregate Deposition Score. A: 
Percentage change compared to FC. B: Percentage change compared to CP. 
 FC CP SO PR 
Total NH3 emission (kton yr-1) 35.7 33.5 (-6.2%)A 26.2 (-21.8%)B  17.8 (-46.9%)B 
Total Impact (Σ ADS)  14135 11380 (-19.5%)A 7406 (-34.9%)B  5237 (-54.0%)B 
Total benefit (billion €) 1.230 1.202 (-2.3%)A 1.197 (-0.4%)B 1.024 (-14.8%)B 
Total abatement cost (million €) 0 28 33 206 
Number of closed stables  
(max 44540) 
0 483 3369 10077 
Number of closed farms 
(max 23408) 
0 113 1391 4128 
Critical Load exceedance (%) 56.2 52.3 45.5 42.9 
Habitat Class Red (%) 
(>CL, reduction insufficient) 
56.2 33.9 7.7 0.1 
 
Inspecting the deposition at the level of individual habitats allows an evaluation of the 
effectiveness of the policy in detail. In the upper panel of Figure 4-1, a histogram of all 
protected hectares is shown for the four scenarios, with the critical load exceedance (kg N 
ha-1 yr-1) on the horizontal axis. To obtain the figure, for each of the habitats, the critical load 
of the habitat was subtracted from the total nitrogen deposition to the habitat. For the 
habitats to the right of the dashed line, the critical load is exceeded. Going from the Full 
Capacity (FC) scenario to the strictest Proportionate Reduction (PR) scenario, there is a 
shift to the left visible, towards lower critical load exceedance. However, it is also 
immediately clear that targeting local livestock housing facilities only has a limited effect on 
the habitats. As described above, the total percentage of habitats in exceedance of the 
critical load decreases from 56% in the Full Capacity scenario to 45.5% in the Spatial 
Optimization scenario and 42.9% in the Proportionate Reduction scenario. In the latter two 
scenarios, the large peak of protected habitats that is characterized by a critical load 
Safeguarding Natura 2000 sites 
93 
 
exceedance of a few kg N ha-1 yr-1 is shifted to the left of the critical load, which means that 
the critical load is no longer exceeded in those habitats. For the large proportion of habitats 
where the critical load is still exceeded in the three alternative scenarios, we make the 
distinction between habitats where the reduction in deposition attributable to local livestock 
housing is sufficient (habitat class yellow) if other contributing sectors would contribute 
equally to the reduction of impact, versus the habitats where this is not the case (habitat 
class red). The lower panel of Figure 4-1 reveals that in terms of habitat class, the difference 
between the SO and PR scenarios is limited to the 7.7% of habitats where the reduction of 
deposition attributable to local livestock housing facilities is insufficient.  
4.3.2 Abatement costs on sectoral level 
The emission abatement costs can be split according to type (technical abatement versus 
reduction in animal numbers) and according to sector. In Figure 4-2, the abatement costs 
are shown for the three main sectors (cattle, pigs and poultry), revealing differences in 
abatement efforts. The Current Policy scenario relies predominantly on output reduction, 
with the cattle sector having the highest abatement cost (12.7 million euros, 97% of which 
is due to animal reduction). In the Spatial Optimization scenario, the main abatement effort 
is carried by the pig sector (18.5 million euros), with technical abatement measures 
dominating over output reduction (77% versus 23%). As already shown in Table 4-2, the 
Proportionate Reduction scenario is substantially more expensive than the other scenarios, 
with a total abatement cost of 206 million euros, with the pig sector carrying over half of the 










Figure 4-1. Effectiveness of spatially differentiated measures to abate ammonia deposition in natural 
areas. Upper panel: Absolute exceedance of the critical load for nitrogen. Lower panel: Distribution 








Figure 4-2. Emission abatement costs for the three main livestock sectors. CP: Current Policy. SO: 
Spatial Optimization. PR: Proportionate Reduction.  
 
4.3.3 Habitat level results 
The distribution of protected hectares according to habitat class, as shown in the lower 
panel of Figure 4-1 for all habitats together, can also be shown for all 42 habitat types that 
occur in Flanders separately (Appendix 2, Figure 10-1), which allows assessing the status of 
each of the habitat types in detail. Alternatively, the habitats can be shown on the map 
(Figure 4-3). The upper left corner shows the starting situation (Full Capacity), with habitats 
that are either in exceedance of the critical load (red) or below the critical load (blue). In the 
Current Policy (CP) scenario, some of the red habitats are converted to a more favorable 
class, but there is still a substantial portion of habitats where the deposition reduction is 
insufficient. In the Spatial Optimization (SO) scenario, the situation improves greatly in the 
East of Flanders, where habitats are clustered in bigger Natura 2000 areas, compared to 
smaller Natura 2000 areas in the West of Flanders, where there is still a big proportion of 
habitats in unfavorable condition. As imposed by the model, in the Proportionate Reduction 





Figure 4-3. Location of protected habitats in Flanders, colored according to habitat class. FC: Full 
Capacity. CP: Current Policy. SO: Spatial Optimization. PR: Proportionate Reduction. 
 
The emission abatement costs can also be allocated to all protected habitats. The principle 
of the cost allocation is outlined in Table 10-2 of Appendix 2. In Figure 4-4, the allocated costs 
are shown as a function of the total deposition for three habitat types, each characterized 
by a different critical load. The dashed line indicates the position of the critical load, while 
the habitat class of all habitats is also shown. By definition, habitats to the left of this line 
are colored green or blue, while the ones to the right are yellow or red (see Section 4.2.2 
for the definition of the four habitat classes). It is clear that even within a single habitat type, 
the costs allocated to different hectares varies greatly, though there is no clear correlation 
with the total nitrogen deposition in those habitats. Furthermore, the Proportionate 
Reduction scenario is by far the most expensive (note the different scales on the vertical 
axis). For the most sensitive habitat type shown in Figure 4-4, habitat 2330 (Inland dunes 
with open Corynephorus and Agrostis grassland), only two hectares are below the critical 
load. The allocated costs for each hectare of protected habitat can be compared to costs 
for habitat restoration measures in those protected habitats, which enables comparing the 
efforts by farmers to reduce emissions versus the efforts of conservationists to restore the 
habitat.  




Figure 4-4. Emission abatement costs allocated to single habitats, colored according to habitat class. 
The dashed line indicates the critical load. Habitat 2330: Inland dunes with open Corynephorus and 
Agrostis grassland, Critical load 10 kg N ha-1 yr-1. Habitat 4010: Northern Atlantic wet heaths with 
Erica tetralix, Critical load 17 kg N ha-1 yr-1 . Habitat 9110: Luzulo-Fagetum beech forests, Critical 
load 20 kg N ha-1 yr-1. FC: Full Capacity. CP: Current Policy. SO: Spatial Optimization. PR: 
Proportionate Reduction. Note the different scales on the vertical axis, according to the different 
scenarios.  
 
4.3.4 Gradual reduction scenarios 
In the upper panel of Figure 4-5, the total abatement costs as a function of the reduction of 
the total NH3 emission and total impact, respectively, are shown. For each percentage 
reduction, reducing the emission proves to be more expensive than reducing the impact. 
This is expected because the most cost-efficient reduction in impact can be obtained by 
spatially targeting the emissions coming from sources with a high impact. A reduction in 
emissions in these high-impact locations results in a relatively larger reduction in impact. 
The emission abatement costs can also be shown for each of the main livestock sectors 
(Figure 4-5, lower panel), split according to the type of abatement (technical abatement 
versus output reduction). For cattle, the technical abatement costs and the cost of animal 
reduction are within the same range for a reduction of up to 40% of the impact or 30% of 
the emission. For bigger reductions, both types of costs start to deviate, with the impact 
reduction scenarios having a higher cost due to output reduction, and the emission 




the 60% ammonia reduction scenario, where the cost due to animal reduction becomes 
higher than the technical abatement cost. For the pig sector, the technical abatement cost 
dominates over the animal reduction costs in both the impact and emission reduction 
scenarios. For poultry, the technical abatement costs are negative for the smaller reduction 
scenarios (up until -20% impact and -10% emission), and only become positive for higher 
reduction scenarios. This can be explained by the fact that for this sector, low ammonia 
emission stable types exist that reduce the cost compared to the standard housing system 
(Table 3-1). While the technical abatement costs and animal reduction costs for the poultry 
sector are similar for the gradual reduction in impact, apart from a deviation at higher 
reduction percentages, in the emission reduction scenario, the technical abatement costs 
have the upper hand over the animal reduction costs, except for the lowest (-10%) and 
highest (-60%) reduction scenarios.  
The marginal abatement costs, derived from the shadow prices of the overall impact and 
emission constraints in the gradual reduction scenarios, are shown in Table 4-3, highlighting 
the rising marginal abatement costs as a function of the reduction target. The marginal 
abatement cost for reducing the regional ammonia emissions rises from 1.8 € per kg NH3 
in case of a 10% reduction to 17.2 € per kg NH3 in case of a 60% reduction, while the 
marginal abatement cost for reducing the impact rises from 1486.0 € per ADS point for a 
10% reduction to  30367.0 € per ADS point for a 60% reduction.  
Table 4-3. Marginal abatement costs for ammonia reduction and impact reduction. 
Percentage Reduction 10% 20% 30% 40% 50% 60% 
Marginal abatement cost  
NH3 reduction (€/kg NH3)  
1.8 3.1 4.0 6.5 8.0 17.2 
Marginal abatement cost  
impact reduction (€/ADS)  
1486.0 3032.7 5363.6 9634.3 16841.8 30367.0 
  





Figure 4-5. Emission abatement costs in gradual reduction scenarios. Upper panel: total abatement 
costs for emission reduction and impact reduction scenarios. Lower panel: emission abatement costs 
split according to livestock subsector.  
 
4.4 Discussion  
4.4.1 Meeting the target of non-exceedance of critical loads  
By using integrated economic-ecological modeling, we were able to study the impact of 
different scenarios aimed at decreasing the impact of agricultural point emission reductions 




directive in Flanders. The regional results shown in Table 4-2 reveal the limited effectiveness 
of the current Flemish policy (CP), which succeeds in decreasing the critical load 
exceedance from 56.2% to 52.3%, at an emission abatement cost of 28 million euros per 
year. It is important to note that the CP scenario we simulated is stricter than the Flemish 
policy, as the policy allows, under certain restrictions, the licensing of farms that contribute 
between 5-50% of the critical load in a protected habitat. The effectiveness we predict here 
is therefore an overestimation. In the alternative spatially optimal scenario (SO), the critical 
load exceedance drops to 45.5%, with additional costs of 5 million euros per year compared 
to the current policy scenario. However, in order to obtain favorable status in all habitats 
(scenario PR), the abatement costs rise to 206 million euros per year for the livestock sector 
alone, with a critical load exceedance that is only slightly lower than in the SO scenario 
(42.9%).  
Meeting the European (European Environment Agency, 2018a) and Flemish (Vlaanderen 
Departement Omgeving, 2018) long term objective of not exceeding critical loads of 
eutrophying substances in all ecosystem areas (European Environment Agency, 2018a) will 
not only entail high abatement costs to livestock farmers in Flanders, it will also require 
other nitrogen-emitting sectors to further contribute to the reduction in deposition. However, 
nitrogen oxide emissions from transport, industry and energy in the EU have so far declined 
considerably more than ammonia emissions from agriculture (European Environment 
Agency, 2018a). In the EU28, overall emissions of NOx have declined by 58% between 1990 
and 2016, while the emissions of NH3 declined by only 23% (European Environment 
Agency, 2018b). Reduced nitrogen (NHx) is already the dominant contributor to eutrophying 
deposition in Flanders: of the total nitrogen deposition in Flanders in 2017, 59% consisted 
of NHx, 32% of oxidized nitrogen (NOy) and 8% of dissolved organic nitrogen (Vlaamse 
Milieumaatschappij, 2018a). Furthermore, 46% of the nitrogen deposition is attributable to 
sources outside Flanders (Vlaanderen Departement Omgeving, 2018), indicating that a 
pan-European effort in reducing the emissions of reactive nitrogen compounds is needed. 
Likewise, with Flanders exporting three times as much nitrogen deposition than it imports 
(Vlaanderen Departement Omgeving, 2018), reductions in Flemish emissions will also 
contribute to ecosystem improvement in neighboring countries.  
In any case, the current ambition levels regarding emission reduction, as outlined in the EU 
National Emission Ceilings Directive (2016/2284/EU), will not suffice to allow the recovery 
of ecosystems (Dirnböck et al., 2018). Recently, questions arose about the adequacy of 
critical loads as ecologically-meaningful indicators of nitrogen deposition (Payne et al., 
2019). The main issue is that ecosystems recover slowly from the effects of nitrogen 
deposition, even when the critical load is no longer exceeded (Stevens, 2016; Schmitz et 
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al., 2019). As an alternative to the critical load, Payne et al. (2019) propose the cumulative 
deposition over a thirty-year window as a metric for the ecological damage of nitrogen 
deposition. Even if the EU objective of non-exceedance of critical loads will be met in 2050, 
the deleterious effects of nitrogen deposition will likely linger on even further into the future. 
4.4.2 Quantifying the emission abatement effort 
Looking at the emission abatement efforts for the main livestock sectors (Figure 4-2), 
substantial differences in total level and type of emission abatement costs appear, due to 
differences in profitability (cost of output reduction), options for technical abatement, and 
impact of farms due to distance to natural areas, as already discussed in the previous 
chapter. The Habitats Directive is often perceived to have initiated a clash between nature 
conservation and economic activities (Ferranti et al., 2019). Our work supplies quantitative 
data for the discussion. By allocating the emission abatement costs to individual hectares 
of protected habitat (Figure 4-4), we can compare the efforts made by livestock farmers to 
the costs of restoration strategies aimed at mitigating the effects of atmospheric nitrogen 
deposition, such as topsoil removal, mowing and extensive grazing (De Keersmaeker et al., 
2018). The Flemish government subsidizes the management of Natura 2000 habitats 
(Agentschap voor Natuur en Bos, 2019a). The subsidies are increased if the critical load is 
exceeded, for example from 539 € ha-1 yr-1. to 607 € ha-1 yr-1 for habitat type 2330 (the habitat 
type for which the allocated emission abatement costs are shown in the left panel of Figure 
4-4). The average emission abatement costs amount to 390€ ha-1 in scenario CP, 459 € ha-
1
 in scenario SO and 2869 € ha-1 in scenario PR. The high average cost in scenario PR 
exceeds the management subsidy for all habitat types except two (habitat type 7230, 
alkaline fens, and habitat type 9150, Medio-European limestone beech forests) 
(Agentschap voor Natuur en Bos, 2019a). On the other hand, as already pointed out in the 
introduction (Section 1.6.4), in most habitats in which the critical load is exceeded, the 
impact of nitrogen deposition is so pronounced that the effectiveness of restoration 
measures is limited (De Keersmaeker et al., 2018). As such, a comparison of emission 
abatement costs to environmental damage costs due to an exceedance of critical loads 
would be more revealing.  
The gradual reduction scenarios (Section 4.3.4) reveal the increasing marginal abatement 
costs, both for reducing total ammonia emissions and the total impact on Natura 2000 
habitats. The cost per kg of NH3 per year reduced rises from 1.8 €/kg N in the 10% reduction 
scenario to 17.2 €/kg N in the 60% reduction scenario. Similar marginal cost curves for NH3 
mitigation were presented earlier for the whole of Europe (Brink et al., 2011). From a classic 
environmental-economical point of view, the optimal level of emission abatement is the point 




applicable to nitrogen pollution (van Grinsven et al., 2018). Van Grinsven et al. (2013) 
estimated the cost of ammonia emissions to human health in the EU (through the formation 
of secondary particulate matter) to be 12 €/kg NH3 emitted, and the cost to ecosystems to 
be 2 €/kg NH3 emitted, indicating that health costs outweigh costs due to ecosystem 
damage. If we neglect the considerable uncertainty of these estimates (Van Grinsven et al., 
2013b), sticking to the rule that the mitigation effort should equate the damage cost would 
mean that ammonia emissions from livestock housing and manure storage in Flanders 
should be reduced by more than 50% (see Table 4-3). This reduction requirement would, of 
course, change when new, cost-efficient emission abatement measures become available 
(lowering the marginal abatement cost), or when the profitability of livestock farming 
increases (increasing the cost of animal reduction) or decreases (decreasing the cost of 
animal reduction). The adequacy of uniform ecosystem damage costs for ammonia has 
recently been challenged: Jones et al., 2018 pointed out that the marginal benefit of lowering 
nitrogen deposition in habitats tends to be higher at lower nitrogen deposition levels. In 
other words, a unit change in N deposition has greater value at lower nitrogen deposition, 
because the environmental gain in terms of species richness is bigger at lower levels of 
deposition (Jones et al., 2018). Furthermore, the highly heterogeneous spatial pattern of 
the economic benefits related to a reduction in nitrogen deposition invigorates the call for 
spatially differentiated pollution control. 
4.4.3 Pathways for future research 
In this chapter, we developed a spatially explicit methodology to link efforts to reduce point 
source emissions of livestock (animal housing and manure storage), either by technical 
abatement measures or by output reduction, with the effect of these efforts on habitats 
protected within the Natura 2000 network. The concept of the habitat class, a color coding 
scale reflecting the state of the habitat and the adequacy of livestock ammonia emission 
reduction, can be used for a straightforward assessment of the effects of different policy 
scenarios on habitats, either for all protected habitats together (Figure 4-1, lower panel), 
shown on a map (Figure 4-3), or as a ‘dashboard’ of all the different habitat types (Figure 
10-1, Appendix 2). For example, the relative advantage of spatially differentiated measures 
(restricting emission in areas with a high impact on Natura 2000 habitats) versus generic 
measures (imposing similar emission reduction targets for all farms, or imposing technology 
standards by obliging the adoption of best available techniques), can be evaluated at the 
level of individual habitats in an intuitive manner. 
Using region-specific input data (habitat maps, source receptor matrices, farm census data), 
the methodology applied here can be transferred to other regions or countries in Europe. 
When these region-specific data are integrated at the European level, the model can shed 
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light on transboundary nitrogen deposition. Another pathway for future research is 
extending the model by integrating the other ammonia-emitting steps of the manure chain 
(Hou et al., 2016) in addition to the point source emissions (i.e. grazing and manure 
spreading), and additional emission control options such as dietary measures (Loyon et al., 
2016). Lastly, a similar spatially explicit modeling approach can be applied to evaluating 
policies aimed at other pollution problems characterized by spatial heterogeneity in 
emissions and impact, such as nitrate pollution in water catchments (Hashemi et al., 2018).  
4.5 Conclusion 
The results of this study indicate that the current spatially differentiated policy to abate 
ammonia emissions from livestock housing and manure storage in Flanders is insufficient 
to meet the long-term target of non-exceedance of critical loads for nitrogen deposition in 
all Flemish Natura 2000 areas. Moreover, differences in abatement costs between farms 
and sectors and differences in effectiveness in terms of nitrogen deposition to protected 
habitats were revealed. Lastly, the allocation of habitats according to four different classes 
here proposed, allows a quick assessment of the effectiveness of different policy scenarios 











5 CHAPTER 5 
A closer look at key model submodules, 
parameters and assumptions 
Abstract 
In this chapter, the model outlined and applied in the previous chapters is subjected to a 
closer look. First, we briefly discuss other models and data that were integrated as 
respectively submodules and parameters into our model: the IFDM and VLOPS 
atmospheric dispersion models, the EMAV ammonia emission model, the economic data 
obtained from Wageningen Livestock Research and from the Flemish Department of 
Agriculture and Fisheries. Next, we study the sensitivity of the model results to the 
meteorological input, critical loads of habitats, the random spatial allocation of livestock 
farms, and the random allocation of gross margins. The chapter is not structured as a 






5.1 Overview of the chapter 
Table 5.1 shows all the elements that are discussed in this chapter, along with the sections 
where these elements are discussed in relation to the model.  
Table 5-1. Overview of submodules, parameters and assumptions of the model elaborated in 
Chapter 5. 
Element Discussed 
previously in  
Section in 
this chapter 
Integrated air quality models   
IFDM (Immission Frequency Distribution Model) §2.2.3, §3.2.2.2 §5.2.1 
VLOPS (Flemish Operational Priority Substances model) §2.2.5, §3.2.2.2 §5.2.2 
EMAV (Flemish Ammonia Emission Model) §3.2.2.1, §3.2.2.4 §5.2.3 
Economic data   
Gross margin livestock farming in Flanders (Flemish Department 
of Agriculture and Fisheries  
§3.2.2.3 §5.3.1 
Costs of emission abatement measures and low-ammonia 
emission stable types (Wageningen Livestock Research) 
§3.2.2.4 §5.3.2 
Sensitivity analysis   
Meteorological data  §2.2.3 §5.4.1 
Critical loads of all habitat types §2.2.4, §2.2.6, §3.2.2, 
§4.2.2, §4.2.3 
§5.4.2 
Random spatial allocation of farms §3.2.2.1 §5.4.3 
Random allocation of gross margins §3.2.2.3 §5.4.4 
 
5.2 Air quality models integrated as submodules 
5.2.1 IFDM 
We used the short-range atmospheric dispersion model IFDM (Immission Frequency 
Distribution Model) for calculating the source receptor matrix (SRM) that links ammonia 
emissions from farms to deposition in natural habitats, forming the basis of the impact score 
calculations outlined in Chapter 2 (Section 2.2.3) and the habitat-level analysis of Chapter 
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4. IFDM is a bi-Gaussian plume model, used to simulate the pollutant dispersion on a local 
scale (Lefebvre et al., 2013). The pollutants are assumed to move in the direction of 
prevailing winds (advection), and perpendicular to this direction in Gaussian fashion 
(Lefebvre and Deutsch, 2015b). The Gaussian dispersion parameters depend on the wind 
speed and atmospheric stability, as formulated by Bultynck and Malet (1972). It is used to 
model the dispersion of different pollutants, including NO2 from traffic (Lefebvre et al., 2013), 
industrial NO2 and SO2 emissions and NH3 emissions from agriculture (Agentschap voor 
Natuur en Bos, 2015), and the dispersion of odorous compounds (Bilsen et al., 2008). IFDM 
is also specifically used in Flanders in the context of environmental impact assessment, as 
well as for the so-called ‘voortoets’ (initial deposition scan) that precedes the appropriate 
assessment of nitrogen-emitting activities within the framework of the Programmatic 
Approach to Nitrogen (Cools et al., 2015; Hooyberghs et al., 2015). In our study, we applied 
IFDM for the dispersion and deposition of ammonia within a square area of 40x40 km² 
around the emission source, with a resolution of 100x100 m², using meteorological data of 
the year 2012 from the meteorological station of Luchtbal, Antwerp. An extensive validation 
exercise by Lefebvre and Deutsch (2015b), in which simulated concentrations are 
compared with measured concentrations, concludes that IFDM is well-suited for a high-
resolution calculation of dispersion around local emission sources.  
5.2.2 VLOPS 
For fine-tuning the dry deposition rate estimates for all habitats, depending on the 
roughness length and the vegetation type, as well as for generating a nitrogen deposition 
map of Flanders, we used the VLOPS model (see Section 2.2.5), which is the Flemish 
version of the Dutch OPS model (Sauter et al., 2015). The model has a geographical 
resolution of 1x1 km², and takes into account Flemish emissions and emissions from 
abroad, along with meteorological data and data on receptor areas (Lefebvre and Deutsch, 
2015b). The purpose of the model is to simulate the concentration and deposition of 
acidifying pollutants (SO2, NOx, NH3) and particulate matter (PM). For calculating deposition, 
the DEPAC module is used (Van Zanten et al., 2010). The validation of OPS applied for 
ammonia emissions and concentrations is reported by Jaarsveld et al. (2005), while 
Lefebvre and Deutsch (2015b) report on the validation of VLOPS with data from different 
measurement campaigns in Flanders. Their specific aim was to study the coupling of IFDM 
with VLOPS. One of their conclusions is that the coupling of IFDM with deposition velocities 
from VLOPS is a valuable approach, by using IFDM for the local dispersion and deposition 
of ammonia on a high resolution (100 m), and VLOPS to calculate the background 
deposition and the receptor-specific dry deposition velocity on a lower resolution (1 km). 






The emission factors (kg NH3 per livestock place per year), which depend on the type of 
animal and type of stable (see Sections 3.2.2.1 and 3.2.2.4), are adopted from the Flemish 
ammonia emission model EMAV. The model is applied to draw up emission inventories 
based on farm census data, taking into account ammonia emissions from animal 
husbandry, fertilizer use and manure processing (Foqué and Demeyer, 2009). It calculates 
gaseous nitrogen emissions for different emission stadia, including animal housing, manure 
storage and manure usage (Vlaamse Milieumaatschappij; ILVO, 2017). The model was 
most recently updated in 2017, allowing the use of detailed input data on stable type, animal 
categories and additional emission abatement measures (Vlaamse Milieumaatschappij; 
ILVO, 2017). The update was tailored to farm census data collected by the Flemish Land 
Agency and to officially acknowledged low ammonia emission stable types and additional 
emission abatement measures that are part of the Programmatic Approach to Nitrogen 
(PAS). This focus on the PAS justifies our choice for adopting the emission factors from the 
revised EMAV-model, along with the fact that we use the same farm census data for our 
model (see 3.2.2.1).  
5.3 Economic data 
5.3.1 Gross margins  
To assess the revenue of every livestock farm in Flanders, we use accounting data provided 
by the Flemish Department of Agriculture and Fisheries (see 3.2.2.3). We have no farm-
specific economic data at our disposal, only an average gross margin and a standard 
deviation per livestock type. The data we obtained consist of an average gross margin and 
a standard deviation for the main livestock farm types for every year in the period 2009-
2015 (Appendix 1, Table 9-2). The data originate from the so-called ‘agricultural monitoring 
network’, a group of 600 Flemish farms that report their accounting data to the Farm 
Accountancy Data Network (FADN) of the European Commission (Departement Landbouw 
& Visserij, 2018). Details of the selection of farms for the monitoring network, and the 
allocation of farm types, are presented in a report by the Department of Agriculture and 
Fisheries (Departement Landbouw en Visserij, 2018). We randomly assign gross margins 
to all farms. A small sensitivity analysis of this randomization step is presented in Section 
5.4.4.  
5.3.2 Cost of emission abatement 
The additional costs of Low Ammonia Emission Stables (LAES, Table 3-1) and additional 
emission abatement measures (Table 3-2), compared to standard animal housing, are 
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obtained from a report with quantitative information on livestock farming, published by 
Wageningen Livestock Research (Blanken et al., 2017). The reported additional costs 
include capital costs (depreciation and interests), maintenance costs and other exploitation 
costs (including energy) (Blanken et al., 2017). The data reported are applicable for the 
Netherlands for the period 2017-2018. We assumed the data to be transferable to the 
Flemish context. Furthermore, the low ammonia emission stables and additional emission 
abatement measures reported are an exact match to the ones officially recognized as part 
of the Flemish Programmatic Approach to Nitrogen (ILVO, 2019). The total cost of emission 
abatement for one stable is obtained by multiplying the unit cost (euros per animal place 
per year) with the total amount of animal places for that stable (see Section 3.2.3.1). 
5.4 Sensitivity analysis 
5.4.1 Meteorological data 
To calculate the source receptor matrix with IFDM, hourly meteorological input data (wind 
direction, wind speed, precipitation, atmospheric stability) from 2012 were used, a year that 
was considered average in terms of meteorological conditions, and therefore representative 
for the weather in Flanders. For the assessment of the impact of nitrogen emitting activities, 
the Flemish government currently uses the meteorological input from that same year 
(Agentschap voor Natuur en Bos, 2019b). To investigate the importance of the choice of 
meteorological input data for the impact indicator calculation and the general model results, 
we recalculated the IFDM source receptor matrix (SRM) with meteorological data from 
2018, a year that was very different in terms of wind direction (the usually prevalent south-
westerly wind was much less frequent) and in terms of precipitation (unusually dry). The 
resulting SRM is visualized in Figure 5-1 (right panel), next to the SRM of 2012 (left panel). 
The difference in wind pattern is obvious, with the deposition more evenly spread around 
the emission source, in contrast to 2012 were deposition extends much further to the 
northeast. This different pattern has consequences for the impact indicator calculations, as 
shown in Figure 5-2. As attested by the coefficients of the OLS regression, respectively 0.74 
for the Significance Score (left panel) and 0.88 for the Aggregate Deposition Score (right 
panel), the impact indicators are generally lower for the year 2018 compared to 2012. The 
Coefficient of determination (R²) is higher for the ADS than for the SS, indicating that the 
ADS is less sensitive to variations in meteorological conditions. On the graph showing the 
Significance Score, dashed lines indicate the position of SS = 50% (red) and SS=5%, the 
thresholds used in the significance framework (see Section 1.6.2). It is noteworthy that the 
categorization of farms according to this significance framework differs from one year to the 





>= 5% and < 50%) in 2012 becoming ‘green’ (Significance Score <5%) in 2018. Because 
of the far-reaching consequences of this classification for a farm business, it would not be 
surprising if a farmer were to challenge this classification on the grounds of these 
differences due to the meteorological input used for the impact assessment. Perhaps, it 
would be advisable to use multi-year meteorological data as input for the impact 
assessment of farms or even to use simulated meteorological data taking into account the 
effects of climate change in the near future. 
Table 5-2. Number of farms with different significance classification in 2018 compared to 2012.        
Significance Class 2012 Significance Class 2018 Number 
Red Orange 79 
Orange Red 16 
 Orange Green 366 
Green Orange 101 
       
We also investigated the effect of the recalculated SRM on the regional model results (Figure 
5-3). For scenarios Current Policy (CP) and Spatial Optimization (SO), the total ammonia 
emission is higher in 2018 compared to 2012 (upper left panel), while the overall impact 
(upper right panel), abatement cost (lower left panel) and number of closed farms (lower 
right panel) are lower. Perhaps counterintuitively, this conclusion does not hold for the 
Proportionate Reduction scenario (PR), where we see the opposite. In this scenario, we 
impose that the reduction of deposition attributable to local livestock farms should be 
sufficient to have non-exceedance of the critical load in all receptors if other sectors would 
reduce their contribution to the deposition by a similar percentage (see Section 4.2.3). 
Although the absolute amount of reduction in deposition required is on average lower for 
the year 2018 than for 2012, the abatement cost is higher. Due to the weather conditions, 
less ammonia emitted by livestock farms is deposited in Natura 2000 habitats, which makes 
it relatively more expensive to obtain a similar reduction in the deposition by reducing the 
emissions. The required reduction in deposition (lower in 2018 compared to 2012) on the 
one hand, and the abatement costs on the other hand are two opposing forces in the model. 
In this case, the higher abatement cost has the upper hand. Lastly, the different deposition 
pattern in 2018 is also visible in the stable types and additional emission abatement options 
chosen by the model, as illustrated for finisher pigs in Figure 5-4. When compared with the 
same map generated with a source receptor matrix of the year 2012 (Figure 3-5), there are 
more stables of the non-LAES type, while the pattern of requiring more emission abatement 
southwest of Natura 2000 areas does not appear to hold.     




Figure 5-1. Source receptor matrices (SRM) calculated with IFDM. Left panel: meteorological data from 2012. Right panel: meteorological data from 2018. 
  
Figure 5-2. Impact indicator calculations for 2018 (vertical axis) versus 2012 (horizontal axis). Left panel: Significance Score. The red dashed lines indicate a 








Figure 5-3. Regional model results obtained with a SRM of 2012 compared to 2018.  FC: Full Capacity scenario. CP: Current Policy scenario. SO: Spatial 
Optimization scenario. PR: Proportionate Reduction scenario. ADS: Aggregate Deposition Score.      




Figure 5-4. Stable type and additional emission abatement choice for finisher pigs, using a SRM for 
the year 2018, scenario SO (Spatial Optimization). Non-LAES: Non-Low ammonia emission stable. 
PAS_V: Floating balls in manure pit. V_4_7: Manure cellar with water- and manure channels, the 
latter with sloped walls. S_2: Chemical air scrubber, 70% emission reduction. Protected habitats 
(Special Areas of Conservation) are shown in black. 
 
5.4.2 Critical loads 
The critical loads for nitrogen, a metric of the sensitivity of habitat types to nitrogen 
deposition, are central to both the Flemish Programmatic Approach to Nitrogen and the 
model presented in this thesis. However, the values currently applied for Flanders (Hens 
and Neirynck, 2013), based on Van Dobben et al. (2012), are not fixed, but are merely the 
most probable values with regard to current knowledge. Recent research suggests that they 
should be adjusted downwards (Ceulemans et al., 2019). To test the sensitivity of the model 
towards changes in critical loads, we varied the critical loads of all habitat types by between 
-2 and +2 kg N ha-1 yr-1 compared to the values by Hens and Neirynck (2013). The results 
on the regional level are shown in Figure 5-5. The results for the Full Capacity (FC) scenario 
are only shown for the variable total impact, as the other variables (emission, abatement 
cost and number of closed farms) are not dependent on the critical load in that scenario. 
While emission is positively related to the critical loads, abatement cost and number of 
closed farms show a negative relation with the level of the critical loads. In other words, the 
more stringent the critical loads are, the more expensive it becomes to obtain the goals set 
by the different scenarios, with the Proportionate Reduction (PR) scenario being by far the 
most sensitive to a change in the values of the critical loads. The total impact decreases 





the proportionate reduction in deposition attributable to livestock should be sufficient for 
zero-exceedance of critical loads if all contributing sector would decrease their contribution 
by a similar percentage. The lower total impact for lower critical loads in this scenario is due 
to receptors where this requirement becomes so constraining that the overall impact 
decreases in order to fulfill the constraint.   
5.4.3 Random spatial allocation of farms 
As described in Section 3.2.2.1, the absence of spatially explicit farm census data (due to 
privacy concerns) prompted us to randomly allocate farms to locations corresponding to 
livestock facilities in Flanders. The only spatial information in our farm census dataset is the 
municipality where the farm is located. We used this information to our advantage in the 
spatial allocation process, by assigning farms to a location within the same municipality. To 
test the effect of this randomization on the overall model results, we reiterated this process 
five times and compared it to the model results where the spatial allocation does not use 
the information on the municipality, but randomly picks a location anywhere in Flanders 
where a livestock facility is located (Figure 5-6). The main results are fairly independent of 
the allocation method, with the exception of the impact that is clearly higher for the totally 
random iterations than for the municipality-based iterations. This indicates that livestock 
farms with higher ammonia emissions are, on average, more likely to be located in 
municipalities further away from Natura 2000 areas, a finding that was already apparent in 
the map in which the mean emissions were compared with the mean Aggregate Deposition 
Score (Figure 2-6, Section 2.3.4). Furthermore, the variability on the model results is smaller 
for the municipality-based spatial allocation than for the totally random spatial allocation. 
Lastly, the phenomenon of higher abatement cost at lower impact in scenario PR, which 
was also identified for the analysis of model sensitivity to meteorological data (Section 5.4.1) 
is also visible here.  
5.4.4 Random allocation of gross margins 
In the absence of farm-specific data on income, we used average gross margins (along with 
their standard deviations) per farm type from the Flemish agricultural monitoring network 
(see Section 5.3.1), and randomly assigned gross margins per farm and farm type based 
on these values (see Section 3.2.2.3). The sensitivity of the model to this gross margin 
randomization was studied by performing 10 iterations of this randomization (Figure 5-7). 
While the emission, impact and the number of closed farms barely varies, the total profit 
(and, linked to it, the total abatement cost) is sensitive to this gross margin randomization. 
This is expected because of the obvious relation between individual farmer’s incomes and 






Figure 5-5. Sensitivity of model results to the Critical Load. Critical loads (CL) vary between -2 and +2 kg N ha-1 yr-1 compared to the values of Hens and 
Neirynck (2013).  FC: Full Capacity scenario. CP: Current Policy scenario. SO: Spatial Optimization scenario. PR: Proportionate Reduction scenario. ADS: 







Figure 5-6. Sensitivity of model results to randomization spatial allocation of farms. Five repetitions per spatial allocation method are shown: according to 
municipality (red), and fully random (blue). FC: Full Capacity scenario. CP: Current Policy scenario. SO: Spatial Optimization scenario. PR: Proportionate 
Reduction scenario. ADS: Aggregate Deposition Score.               
 
  





Figure 5-7. Sensitivity of model results to randomization of gross margins. Ten repetition of the randomization are shown (seed1 to seed10). FC: Full Capacity 





In this chapter, we provided background to the air quality models and economic data 
integrated into the model outlined and applied in the previous chapters. Furthermore, we 
studied the effect of changing key input data (meteorological data and critical loads) and 
data processing steps (the random allocation of gross margins and farm locations). We 
identified that the choice of weather year has a profound impact on the modeling results. 
Furthermore, we found that the model is considerably sensitive to the level of critical loads: 
if critical loads would – on the basis of ecological evidence – be adjusted downwards, the 









6 CHAPTER 6 
Farm relocation as an instrument for 
alleviating nitrogen deposition in natural 
sites: lessons learnt from relocated 
farmers in Belgium and the Netherlands 
Based on: De Pue, D., Kerselaers, E, Mettepenningen, E., Buysse, J. (2019) ‘A farmers’ perspective 
on farm relocation: lessons learnt from relocated farmers in Belgium and the Netherlands.’ (In review) 
Abstract 
In addition to technical abatement measures, spatial planning has the potential to mitigate 
atmospheric ammonia deposition. As such, farm relocation is an instrument applied in the 
region of Flanders, Belgium, to decrease the impact of agricultural ammonia emission on 
Natura 2000 sites, as part of the flanking policy of the Programmatic Approach to Nitrogen. 
Farm relocation is also applied in numerous other spatial planning processes, including the 
conversion of agricultural land for nature development or urbanization. In this chapter, we 
present the results of a qualitative study on farm relocation. With the aim of identifying main 
problems and success factors related to farm relocations, we performed in-depth interviews 
with relocated farmers in the Netherlands and Flanders. To the best of our knowledge, this 
is the first study looking at the farmers’ perspective on relocation that includes farmers from 
different planning projects and different countries, which enabled us to filter-out context-
specific aspects. Using a grounded theory approach, we were able to describe factors that 
determine the perceived success or failure of farm relocation, subdivided into five main 
categories: (1) farm & firm; (2) financial aspects; (3) process; (4) old location; and (5) new 
location. Furthermore, our study points to some challenges with regard to farm relocation in 
the context of the Flemish ammonia policy: limited support for the rationale for the 
relocation, a perceived lack of guidance and information, and legal uncertainty regarding 





In addition to general emission abatement, spatial planning and spatially differentiated 
policies have great potential to mitigate the effects of atmospheric ammonia deposition on 
protected nature (Dragosits et al., 2006; Hicks et al., 2011). Options for spatial planning 
include low-emission buffer zones around the protected areas, tree belts around farm 
sources and relocation of livestock farms (Dragosits et al., 2006; Kros et al., 2013). Of these 
options, farm relocation is an official instrument within the Programmatic Approach to 
Nitrogen (PAS) in the region of Flanders, Belgium. This integrated policy comprises of 
restrictions for plans and projects with a high impact on neighboring Natura 2000 sites. For 
livestock projects that cannot be authorized because of their high contribution to nitrogen 
deposition in protected habitats, flanking measures are in place (Vlaamse 
Landmaatschappij, 2017a, 2017b). This flanking policy entails financial compensation for 
company consulting, business reconversion, farm closure and farm relocation. Farm 
relocation is thereby defined as the ‘voluntary transfer of an agricultural business or a part 
of the business to an area where it can develop sustainably’ (Vlaamse Landmaatschappij, 
2017a). In addition to the purchase price, compensation fees for farmers who opt for farm 
relocation include a fee for consulting, compensation for investments linked to farm 
relocation, and fees for forsaking the use of abandoned plots and buildings. So far, there 
have only been four applications for funding for farm relocation, along with four applications 
for farm reconversion and four applications for farm closure (Vlaamse Landmaatschappij, 
2018). The Flemish government assumes that in the long-term, one-third of all ‘orange’ 
farms will choose for farm relocation (Kenter bvba, 2018). 
Farm relocation coupled to flanking policies was applied earlier in the context of the Flemish 
Sigmaplan, a spatial plan aimed at protecting areas close to the river Scheldt and its main 
tributaries against major floods (Vikolainen et al., 2013; Waterwegen en Zeekanaal NV, 
2014), but farm relocation as spatial planning instrument was used before in Flanders, for 
example in the context of nature compensation in return for the development of other 
functions such as dockland expansion (Kerselaers et al., 2013). In the Netherlands, the 
country that borders Flanders to the North, farm relocation has been applied in multiple 
spatial planning processes, including moving intensive livestock farms to designated 
agricultural development zones (Driessen, 2005), for the development of new nature 
(Holtslag-Broekhof et al., 2014; Bulkens et al., 2016), flood risk management (Neuvel and 
Van Der knaap, 2010), and also in the context of ammonia deposition (Lekkerkerk, 1998; 
Driessen, 2005). The Netherlands and Flanders have in common that there is high pressure 
on agricultural land, for both urban development and nature (Koomen et al., 2008; 




for spatial developments (Koomen et al., 2008). The high demand for rural land and 
conflicting interests between different functional claims on open space complicate spatial 
planning considerably (Kerselaers et al., 2013). Likewise, the problem of nitrogen deposition 
to Natura 2000 sites constitutes a conflict between agriculture on one hand and nature on 
the other, with the government as mediating actor. Contraction of farmland as a 
consequence of conversion to either urban land or natural areas was already quite 
pronounced in Europe (van Vliet et al., 2015), and is likely to continue in the future, forcing 
farmers to either stop or move elsewhere. Furthermore, farm relocation might be applied in 
the context of climate change adaptation (de Bruin et al., 2009; Enríquez-de-salamanca et 
al., 2017). Sometimes, farmers spontaneously choose farm relocation, even in the absence 
of regulating policies. This is especially pronounced at the urban fringe, where there is 
pressure on farmers to sell or transform their properties into more profitable land uses, a 
phenomenon that was observed in the Metropolitan Region of Barcelona (Paül and Tonts, 
2005). In Australia, farm relocation was considered as an option to manage land-use conflict 
around urban centres, more specifically to move poultry farms from the urban fringe to rural 
areas (Henderson, 2005). Relocating farmers is often a prerequisite in public infrastructure 
and construction projects, for example the construction of large dams and reservoirs (Wang 
et al., 2013). 
The limited published papers on farm relocation focus on a specific area and planning 
context, such as a nature development project in the Netherlands (Holtslag-Broekhof et al., 
2014), or a specific target group, such as poultry farmers in Australia (Henderson, 2005). 
Holtslag-Broekhof et al. (2014) distinguished three land purchase strategies: the offensive 
strategy, where non-cooperation will lead to compulsory purchase, the consultative 
strategy, where there is more flexibility in searching for solutions that fit the landowners 
best, and lastly the anticipative strategy, where the government acquires land that is offered 
for sale on the market, to be used for the realization of spatial plans in the future. 
Furthermore, the perceived justice of the relocation is of pivotal importance, with sufficient 
compensation, the opportunity of a new location, attractive selling conditions, and an open 
process as prerequisites for just land acquisition (Holtslag-Broekhof et al., 2016). Other 
issues include a negative perception towards nature development (Kerselaers et al., 2013; 
Holtslag-Broekhof et al., 2014; Kohler et al., 2014), and disparities in purchase price 
depending on the purpose of the land acquisition (Holtslag-Broekhof et al., 2016). The body 
of literature on land consolidation is much more extensive than that on farm relocation. Land 
consolidation is a rural policy instrument aimed at redistributing land ownership, often to the 
benefit of farmers (Van Huylenbroeck et al., 1996; Crecente et al., 2002; Aslan et al., 2007; 




as realizing climate-proof and water-resilient rural areas or in general disentangling different 
functional claims on open space, including flood protection, nature conservation, agriculture 
and recreation (Lisec et al., 2014; Stańczuk-Gałwiaczek et al., 2018). Quite a few studies 
on land consolidation specifically look into the farmers’ perspective (Crecente et al., 2002; 
Aslan et al., 2007; Lisec et al., 2014; Luo and Dallen, 2017). 
For farm relocation to be successful as a policy instrument, it is important to understand it 
from the perspective of relocated farmers. In order to identify the main problems and 
success factors that determine the outcome of farm relocations, we performed semi-
structured interviews with replaced farmers in Flanders and the Netherlands. Furthermore, 
we interviewed representatives from farmers’ associations, government officials and farm 
advisors. Using a Grounded Theory approach, we were able to identify the main factors that 
are important in the context of farm relocation, as perceived by the relocated farmers 
themselves. Our work aims to contribute to the understanding of farm relocation in general, 
by identifying relevant factors from the relocated farmers’ perspective. Furthermore, we 
believe that this is the first study looking at the farmers’ perspective on relocation that 
includes farmers from multiple planning projects and even multiple countries. This wider 
perspective enabled us to filter out context-specific factors. A second objective is to look at 
specific challenges of applying farm relocation as an instrument to alleviate nitrogen 
deposition in Natura 2000 sites.  
The remainder of the chapter is structured as follows: in the Methodology section, the study 
scope and research strategy are outlined, along with the data sampling and analyzing 
method. In the Results sections, the main concepts identified during the interviews are 
described, using illustrative verbatim quotes. In the Discussion section, we contrast our 
findings with results described in the literature on farm relocation, land consolidation, land 
acquisition and other spatial planning processes involving farmers. Next, we point to certain 
aspects that are particularly challenging in the context of the Programmatic Approach to 
Nitrogen. Finally, the Conclusion section wraps-up the main outcomes of our study. 
6.2 Methodology 
6.2.1 Scope of the study 
Our study is confined to farm relocations in the provinces of Zeeland and Northern Brabant 
in the Netherlands and the provinces of East Flanders, Flemish Brabant and Limburg in the 
region of Flanders, Belgium (Figure 6-1). We conducted a total of 16 open interviews with 
relocated farmers, 8 of which in the Netherlands and 8 in Flanders, and 6 interviews with 
other actors involved in farm relocation (Table 6-1). The relocation reasons for the Flemish 




Programmatic Approach to Nitrogen (n=3) and urban development (n=1). Reasons for 
relocation in the Dutch cases include nature development (n=4), industry (n=2), a 
combination of industry and urban development (n=1) and a relocation from an 
extensification zone to a designated agricultural development zone (n=1).  
 
 
Figure 6-1. Location of interviews. The inset map in the upper left corner shows the location of the 
Netherlands (light grey) and Belgium (dark grey) in Northwestern Europe. The dark grey areas in the 
map are the provinces where interviews took place. The number indicates the total number of 
interviews, and the number in brackets indicates the number of interviews with relocated farmers.  
 
6.2.2 Research strategy 
The research focus, identifying the main problems and success factors determining the 
process and outcome of farm relocation, was selected after a focus group discussion 
(Grudens-Schuck et al., 2004) with government officials working for the Flemish Land 
Agency (VLM). The respondents were the ones responsible for visiting the farmers that 
were directly impacted by the Programmatic Approach to Nitrogen. Because of their first-
hand contact with the farmers, they had a good overview of possible bottlenecks that 
impede proper implementation of the policy programme. During the focus group discussion, 
they highlighted the need for additional research on farm relocation as a policy instrument, 
pointing out to the arduousness of the farm relocations they witnessed in the context of the 




in the Netherlands. Based on this, we decided to investigate farm relocations in both 
Flanders and the Netherlands. Because of our focus on gaining new insights into farm 
relocation, we adopted a qualitative approach. Semi-structured interviews are well suited 
for the exploration of opinions and perceptions of respondents, while still enabling probing 
for new information (Barriball and While, 1994). The interview schedule was standardized 
in order to have a good overview of the relocation, while at the same time allowing 
exploration of new concepts to emerge. Given the limited research on farm relocation and 
our focus on the farmers’ perspective, we decided to apply a Grounded Theory approach. 
Rather than starting from an a priori hypothesis or theory, in Grounded Theory the concepts 
emerge from the data (Glaser, 1992). Arguably, the results discussed further in this paper 
are not part of a formal theory, but we believe the procedure of Grounded Theory, with a 
two-step coding process (see Section 6.2.4), was the best approach for open-mindedly 
analyzing the data.  
6.2.3 Data sampling 
We selected respondents by means of snowball sampling, with the focus group participants 
as an entry point for relocated farmers in Flanders, and government officials of the Dutch 
provinces of Zeeland and North Brabant as an entry point for relocated farmers in the 
Netherlands. In a qualitative approach, the purpose is not so much to obtain a 
representative sample, but to gain sufficient insights into the subject (Schenk et al., 2007). 
Therefore, during the sampling process, our aim was to reach data saturation: we continued 
sampling until the interviews did not yield any new insights. A total of 22 interviews and 37 
respondents was sufficient to reach data saturation (Fusch and Ness, 2015). The number 
of interviews and respondents per professional background is shown in Table 6-1, while the 
location of the interviews is shown in Figure 6-1. The exact location is not shown to protect 
the privacy of the respondents. The number of respondents is bigger than the number of 
interviews, because in several farmer interviews, both spouses participated in the interview. 
The number of respondents in the category Government officials included the 6 participants 
of the focus group. Apart from 8 interviews with Dutch farmers and 8 interviews with Belgian 
farmers, we carried out 1 interview with 2 consultants in Flanders, 2 interviews with Flemish 
farmers’ association representatives, and 2 interviews with Dutch government officials. The 
interviews with Flemish government officials, farmers’ associations and consultants 
included specific questions about the Programmatic Approach to Nitrogen. Furthermore, 
these interviews yielded insights into the motives of farmers who decided not to relocate. 
Each respondent signed an informed consent document before the interview started, with 
information on the purpose of the study and the use of the data, along with a guarantee of 




 interviews took place between July 2018 and December 2018. All interviews were audio-
recorded and transcribed. 
Table 6-1. Number of interviews and respondents according to professional background. 
Background Number of interviews Number of respondents 
Farmer 16 25 
Consultancy firm 1 2 
Government officials 3 8 
Farmers’ association 2 2 
 
6.2.4 Analysis and coding 
The transcripts were analysed and coded using NVivo 12 Plus (QSR International Pty Ltd., 
2018). In building up our Grounded Theory model, we used a two-step coding approach, as 
described by Gioia et al. (2013). The first step is centred around terms and codes mentioned 
by the informants, while in the second step, these codes are altered and merged to themes 
defined by the researcher (Gioia et al., 2013). In the first-order analysis (open coding), we 
identified over 50 terms, which were distilled to 21 concepts and divided into 5 categories 
in the second-order analysis (axial coding). Furthermore, we used source triangulation to 
strengthen our analysis, by showing and explaining preliminary results to farm association 
representatives, government officials, and consultants that were involved in several farm 
relocations. This allowed us to obtain convergence in our final model: when multiple 
informants provide similar findings, the credibility of these findings is strengthened 
considerably (Baxter and Eyles, 1997).  
6.3 Results 
The main concepts that are important in the context of farm relocations, identified during 
the interviews, are visualized in a schematic overview in Figure 6-2. We identified a total of 
21 concepts divided into 5 categories. The first category, farmer and firm, includes 
concepts that are intrinsically related to the farmer and his business. The second category 
combines concepts linked to the financial aspects of farm relocation, while the third 
category covers all aspects related to the process of farm relocation. The fourth and fifth 
category relate to concepts linked to the old and the new location of the farm business. In 
the remainder of this section, all concepts are explained in detail, including illustrative 
quotations selected from the interviews. Inclusion of these concepts in our model is not 
based on the statements of individual farmers, but on rigorous analysis of all the transcripts, 





Figure 6-2. Schematic overview of concepts important in the context of farm relocation. 
 
6.3.1 Farmer and Firm 
The first category covers all concepts intrinsically related to the farmer and his firm. Because 
of the intricate relation between the farmer and his business in family-run agricultural 
businesses, and as some concepts relate to both the person and the company, farmer and 
firm have been joined into one category. The respondents named personality traits such 
as openness and communicativeness as important for getting through the process of 
relocating, in addition to having an optimistic outlook and a high degree of adaptability and 
determination. Particularly in farm relocations perceived by the farmer to have been a 
success, these characteristics were named to be essential, with farmers often positively 
comparing themselves to colleagues deemed to be less suited for relocation. 
“What is incredibly important is that the entrepreneur himself is open and communicative. 
… But I also know entrepreneurs who cannot do that at all, and only react bluntly.” 
(Government official) 
“If you want to do it, you must say, "we are going for it". … That is the only chance to stay 
a farmer, instead of saying: ‘Yes, we're going to look at this, we're going to look at that.’ 





The farmer's background and experience can influence his decisions in relation to the 
relocation. Some of the respondents were already familiar with farm relocation (from 
themselves, or from relatives or friends), or are experienced with big transformations within 
their business, such as major expansions or reconversions. This prior knowledge shapes 
their expectations and has an impact on the decisions they make during the process.  
‘In my family, several expropriations took place in previous generations. Some of my 
uncles experienced something similar to me over 20 years ago. They always told me: “if 
they expropriate you, make sure you start something new. If you want to continue farming, 
make sure you take a new start”’ (Farmer) 
Farm relocation is a major step in the development of a farm and is often accompanied by 
a change of direction in terms of production level or production choice. In order to turn the 
farm relocation into an opportunity for farm renewal and expansion, skills and 
entrepreneurship are important prerequisites for success.  
“The location doesn’t determine the success, but the entrepreneur” (Farmer) 
“Not every entrepreneur can handle that. If you’re not a capable entrepreneur, then the 
relocation process becomes very difficult.” (Government Official) 
Age and health are significant constraints: older people are often more reluctant towards 
farm relocation, especially when there is no successor. Health problems can impede 
successful relocations indirectly, rendering the exercising of your profession as a farmer 
more difficult. Sometimes, physical and mental health problems were mentioned to be 
related to the stress of relocation.  
“We were too young to stop and retire, and maybe too old to start all over again” (Farmer) 
“There are people that get burn-outs or depressions from less than that .. With everything 
you experience.. Sometimes, it’s an emotional rollercoaster, it weighs on you” (Farmer) 
The values and opinions of the farmer, for example in relation to the reason for relocation, 
influence the support for the relocation. First of all, there is often a general feeling of 
discomfort towards the societal pressure on agriculture, as illustrated by the following quote: 
“The pressure on agriculture is way too big, they want us gone. We are standing in the way” 
(Farmer). The process of land acquisition by the government puts the farmer in a position 
of unequal power: “We are fighting against public money with our own capital” (Farmer). 
Furthermore, the majority of respondents displayed a specific aversion to the conversion of 
agricultural land to nature. First, they cannot understand that society does not consider 




proved to be harder to accept for the farmer than if it is for residential, industrial or 
commercial expansion.  
“When we had to leave, we had no choice, because the general interest is more important 
than an individual dairy farmer. Society, industry, is actually the general interest.” (Farmer) 
“That nature compensation? I think it is stupid. But, I can understand the harbor 
expansion.” (Farmer) 
Acceptance might even be lower in case of farm relocations in the framework of the 
Programmatic Approach to Nitrogen, where it is not about the appropriated land itself being 
converted to nature, but rather about the impact of the livestock facility on neighbouring 
nature, as exemplified by this statement from a farmer’s association representative: “To 
claim that those stables are damaging to a few birds, toads or bats.. I don’t believe it, if I’m 
honest.” 
The farm characteristics make it more difficult for one farm business to relocate compared 
to another. Dairy farms need a lot more land than intensive pig or poultry farms. Finding the 
required amount of land at the new location may prove to be difficult. On the other hand, 
intensive livestock rearing facilities are more likely to face protesting local residents when 
looking for a new location. 
Farm relocation can provide business opportunities because it offers the chance to 
change or renew the business: “What is a big advantage? That they will have a modern, 
up-to-date and fully performant business at the new location” (Farmers’ association). An 
example is the construction of new stables that confer to modern standards in terms of 
animal welfare, hygiene and emission reduction. Next, fundamental changes in farm 
management can co-occur with the relocation, because the farmer seizes the opportunity 
to transform the business, shift the focus from one branch of production to another, or 
drastically expands. Lastly, the plot structure of the farm is sometimes significantly improved 
after relocation, reducing transport costs or easing the way of working.  
“You have a house plot for your firm, something you shouldn’t underestimate in terms of 
benefits for the way you work. Everything nearby. In the old days, I always had to drive 10 
kilometres up and down. It’s a serious saving, anyway”. (Farmer) 
A good professional network makes the restart on the new location easier. If the new 
location is not too far from the original location, the professional contacts with suppliers, 
customers, veterinarians, etc. can often be maintained. If it is not possible to have the same 
professional contacts, it might be helpful to have a contact in the circle of acquaintances 




“Thanks to this man, we got to know a lot of people and companies. Suppliers and so on, 
you name it. Those things are really important. I also had the luck that I was in the board 
of the farmers’ association. I knew the board members from this region, I’ve met them 
before. That is also helpful” (Farmer) 
The motivation and future perspective often lie at the basis of the decision to choose for 
a voluntary farm relocation. In the case of forced closure of the business at the old location, 
these aspects influence active participation in the process of displacement and coping with 
the inevitability of the relocation. As described earlier, the opportunity for transforming, 
modernizing or expanding the business is an important motivation. Having a daughter or 
son that plans to take over the business, or keeping up the option of leaving a good business 
to a possible successor or buyer, was also noted by several respondents.  
“If it would have been just for me, if the boys wouldn’t have been around to succeed me, 
then I would have still lived there. Then, I would have continued to resist”. (Farmer) 
The love for the profession of farmer was also an important incentive to continue farming at 
another location: 
“That is the reason why we decided to do the farm relocation, because I thought we would 
be unhappy if we didn’t have a business anymore. Because I thought that we would be 
unhappy if we would see a herd of cows, that we would think ‘we had that, we lost it, and 
we didn’t make the choice to start again’..” (Farmer) 
For most farmers, relocating their business also means relocating their family. The age of 
children can put pressure on the timing of the relocation: “That is the reason why we put 
pressure on that relocation. … Our oldest was 11 when we moved. .. If kids are 14 or 15, 
you shouldn’t move them anymore" (Farmer). Furthermore, the farmer does not decide on 
his own, but consults with his family, as demonstrated by this quote of a farmer who 
considered relocating a second time: “My wife and kids didn’t want it anymore, and then it 
just stops. .. I would have done it, but I didn’t [because of them].” (Farmer) In some cases, 
the stress of a farm relocation might strain familial relationships: “I’m not sure whether 
there’s a direct link, but family tensions.. I already know about two firms where a divorce 
took place” (Consultancy firm) 
6.3.2 Financial aspects 
The purchase amount paid to the farmer differs depending on the purpose of the land 
acquisition, causing a disparity between farmers displaced for industry or urban expansion, 
compared to farmers displaced for nature development: “If the farm is relocated for nature, 
you have no economic force that pushes” (Farmers’ Association). When displaced for 




region), while the buildings are valuated taking into account depreciation. Similar valuation 
rules apply when the government buys the property for other purposes, with the difference 
that the purchase amount of the land is usually higher than for nature development.  
“For the agricultural value, I think it was correctly valuated. When I look at the group that 
left for industry, I got far too little. They got a lot more.” (Farmer) 
Sometimes, in the case of land acquisition for urban expansion, the farmer has the choice 
between different buyers, giving him the option of selling to the highest bidder. Another 
aspect is whether the purchase amount is the result of a unilateral valuation process, or 
results from a negotiation between buyer and seller.   
“That was a negotiation, of course. .. It’s a bit giving and taking: perhaps a bit too little for 
the orchard, and a bit too much for the farmhouse..” (Farmer) 
For the Programmatic Approach to Nitrogen, the valuation is a unilateral decision, taken by 
an independent land commission, which is sometimes considered unfair, as exemplified by 
this statement of a farmers’ association representative speaking from the point of view of a 
farmer who objects to the valuation result:  
“I have a hard time when they actually say: ‘your reasoning to come up with a different 
[purchase] amount [than us] is completely correct, but we will not apply it here for that 
reason’. I would be able to live with that if it would be the result of a negotiation” (Farmers’ 
Association) 
As an alternative to buying the land, the government sometimes offers land exchange, an 
option that some farmers consider fairer or easier in terms of negotiation: “Land exchange... 
Then, we don’t talk about money anymore, which I think is easier. … The quality has to be 
equivalent, but then there’s no discussion on the price anymore, which I think is an 
advantage.” (Farmer). While the Dutch province of Zeeland has a dedicated government 
agency that facilitates land exchange within the context of land consolidation processes, 
the Flemish Land Agency (VLM) has little land in ownership, limiting the possibility for land 
exchange.  
A relocation involves a big investment at the new location. As the majority of farmers seize 
the opportunity to expand or modernize their company upon relocation, the money obtained 
from selling the old farm often does not suffice. For additional funding, they have to get a 
loan from the bank. In some cases, farmers can reclaim part of their investment costs from 
the government, for example for emission abatement measures. In addition to this type of 
investment subsidy, farmers are sometimes given compensation fees for revenue 
foregone or for transaction costs made during the relocation process. In terms of transaction 




a lawyer in case of legal issues and the costs of accountants and consultants to guide the 
process of relocation. Farmers are sometimes reimbursed for professional advice from 
consulting or accounting firms. In some cases, compensation fees are given for land or 
buildings that were not sold but that the farmer is not allowed to use anymore. 
Compensation fees are often perceived to be insufficient, although one acknowledges the 
difficulties in determining a rightful compensation.  
“If you see the amount of time, negotiations and discussions that it takes for that process, 
then you really need that money [compensation fee], while it’s hardly enough” (Farmers’ 
Association) 
“The compensation fee is ‘peanuts’ if you compare it with the costs … And then, they cut 
back on that. Nevertheless, we cannot complain. What is enough? You can always be 
dissatisfied, no matter the amount you get.” (Farmer) 
The market conditions have a significant impact on farm relocation. Perhaps the most 
important is the land market, determining both the selling price at the old location and the 
purchase price at the new location. If a farmer moves from a high price area to an area 
where the land prices are considerably lower, he can expand his ownership of land 
considerably, while the opposite occurs in the case of higher prices in the new region. 
Furthermore, because of the upward trend in land prices, it is in the farmer’s interest to 
proceed as quickly as possible with the relocation. 
“The land prices here were almost half of what they were in the first location. That’s why 
we chose this location. After we moved, we doubled the land in ownership. This has 
everything to do with the fact that we could buy land here at a cheap rate”. (Farmer) 
“If they expropriate your land, and you don’t invest your money somewhere else 
immediately… In 5 years, you can never buy back the amount of land they took from you” 
(Farmer) 
Product prices can also play a role, especially when they are low in the period of the farm 
relocation, or just after. A low farm income makes it more difficult to overcome the change. 
“2008 was a good year for the milk price. When the year was over, the price crashed. … 
There was not enough money pouring in” (Farmer) 
“We came here in 2010. Then, the pig price went down. You have to work very hard to get 







Farm relocations are often a long and strenuous process, involving multiple stakeholders 
(farmers, land purchasers, lawyers, consultants, etc.). A first factor to consider is the course 
and duration of the relocation process. Often, the timeframe between knowing that you 
have to move, and the actual relocation, takes too long. It is also a period of great 
uncertainty. 
“The time starting from the moment the government wants you to leave, until you can 
actually leave, takes too long. They lock you up, literally and figuratively. You don’t want to 
invest in a bottomless pit if you have to leave. If this takes years, it starts to really bother 
you. It’s a standstill for your business. Everybody continues, but you are halted. It could be 
that after the farm relocation, you could take the lead again, but at that time, you know 
nothing yet, also regarding the financial outcome” (Farmer) 
Other issues relate to uncertainty in the course of events. In the context of the Programmatic 
Approach to Nitrogen, when you make the decision to file a dossier for farm relocation, you 
do not know yet how much money you will get, while the financial outcome is an important 
parameter in that decision. Furthermore, you have to make sure that you know which money 
you can spend on the new location before you can actually take the step of purchasing the 
new farm: 
“If you find a location that is according to your wishes, then you have to be able to sell 
your old farm as fast as possible, in order to know which budget you can spend on the 
new location.” (Consultancy firm) 
In order to get through the process of farm relocation, with all its technicalities and 
difficulties, farmers do their best to get properly informed about their options and to seek 
advice. This information and guidance can come either from the government, or from 
farmers’ associations, private consultants or accountants. There is a lot of disappointment 
in the role of public authorities, for example about their style of communication: “It’s all very 
official, very formal. One often experiences a lack of empathy. … This way of 
communicating causes resistance and anger.” (Farmers’ association). Others complain 
about a general lack of guidance by the government: “the guidance and assistance by the 
government could have been better. I had to go to a lawyer or consultant for everything” 
(Farmer). Lastly, some farmers signal that psychological guidance should also be a task of 
the government, as the farm relocation causes a lot of distress.  
In any case, proper guidance is generally acknowledged to be of pivotal importance: 
“What I’ve learned is that it’s better to leave the negotiating to someone else. You’re way 




“Get a consultant, somebody who knows the rules. We did a lot ourselves, which cost a lot 
of energy.” (Farmer)   
Also regarding the search for a new location, a crucial step in the farm relocation, farmers 
expected more guidance from the government than what they actually got:  
“It’s the government who should say: ‘Sir, you’re in the way here, we have this on offer as 
an alternative’” (Farmer).  
However, in some cases, it is the government who proposed the new location, such as in 
the case of this pig farmer: “The municipality took care of this. It’s in this area that the new 
pig farms were welcome. The municipality pointed to the locations where we were allowed 
to build.” A more facilitating approach taken by the government, as carried out by, for 
example, the land consolidation bureau of the Dutch province of Zeeland, is positively 
evaluated: “Farm relocation helps to solve the problem of nature, but also leads to spatial 
structure improvement. It has to provide an advantage, businesses should get promising 
opportunities. A land consolidation bureau can offer useful services in that respect.” 
(Farmer). Decision criteria important during the search for a new location are described in 
Section 6.3.5. 
Starting a new business at another location requires the farmer to apply for environmental 
and construction permits. These permits and related legal aspects are thus an important 
facet in the process of a farm relocation. Objections to the granting of the environmental 
permit, for example by local residents, can lead to a costly legal battle:  
“We have started to construct our new farm before we got the environmental permit 
because we had no choice. We had to go and we had to start here. We had to litigate until 
there were no options left. We took it even to the Supreme Court. It was expensive.” 
(Farmer) 
The difficulties with the environmental permit prompt some farmers to suggest that the 
government should guarantee the licencing of permits at the new location: “The thing that 
is lacking in the process of farm relocation is legal certainty. The permit should be 
guaranteed to be granted, so you don’t have any difficulties with that anymore.” (Farmer)  
In some cases, problems of compliance with the environmental permit at the old location 
provide an obstacle: “Permits get updated only once in a while, but in the meantime, a lot 
of changes can happen in the firm. If you get an inspection after some of those changes, 
but before the permit was adjusted, then you are excluded [from being entitled to 





6.3.4 Old location 
The traits of the old farm location, as well as the farmer’s connection to that location, affect 
the willingness of farmers towards relocation. Location characteristics and constraints 
are a first aspect to consider in this regard. In some cases, the reason for farm relocation 
aligns with structural constraints at the old location, making it easier for the farmer to take 
the step of moving. 
“The reason is that we did not have enough future prospects at that location. In terms of 
size and location. We sold a part for the industry, which made it possible to take the step 
of relocating. If we had not had that opportunity, we might have had to take other options.” 
(Farmer) 
“We left for nature development. And a bad plot structure. Both, actually. We only had a 
house plot of three hectares” (Farmer) 
When the farmer is satisfied with the old location, it proves harder to accept the reason for 
relocation: 
“You are at the perfect location, and nobody bothers you, but then, they chase you away” 
(Farmer) 
At other places, the location characteristics confer chances for an alternative to the farm 
relocation. In the Flemish Programmatic Approach to Nitrogen, farm reconversion is also 
an accepted strategy, if the reconversion leads to significantly lower ammonia emissions. If 
the new strategy was to decrease the number of animals, but with on-farm sale of farm 
products as an additional activity, to have touristic infrastructure, such as biking or walking 
paths, in the immediate vicinity of the farm, is of advantage.  
When farmers leave the original location, they do not just leave a physical place behind, but 
also a social environment.  
“We were already 40. At that age, you already have built a lot of relationships. Friends and 
family. You start to live in two worlds, whether you put it one way or another. I have 
friends in my old province that I know for already more than 25 years. You don’t break this 
[friendship] that easily. But now, it’s different than before we moved, also with my family. 
Drinking a cup of coffee on Sunday morning, that’s no longer possible. That is a bit hard. 
That has changed, but we have to live with that”. (Farmer) 
These old bonds were often named as a reason to look for a new location that is not too far 
from the original one, so that driving back every now and then is still feasible. Even then, 





“About 10 years after we moved here, we had to go back for the wedding of an old friend. 
When we were driving back home in the evening, my wife asked me what I thought of the 
event. ‘Honestly, it was as if we were among strangers.’ ‘That’s exactly what I thought’, 
she replied. But those were all people we used to know!” (Farmer)  
With the farm property often belonging to the family for over different generations, the 
personal connection with the farm location is also a factor of importance:  
“If you have to leave your land as a farmer, and they demolish your house and buildings: it 
hurts, I can tell you” (Farmer). 
“People don’t choose relocation. … They say: ‘you can keep your money, but let me stay 
where I am now. Then, you still have your familiar environment, your friends, your family, 
your region.” (Farmer’s Association) 
On the other hand, this emotional connection should not be a roadblock for a successful 
relocation: “Of course I have an emotional connection with that location. I was born there. 
My father farmed there. I have more of a bond with that land than with this land. It’s a feeling. 
If you’re negotiating with the government, then you have to talk business. You better put 
your feelings aside” (Farmer) 
6.3.5 New location 
Similar aspects that were discussed for the old location apply to the new location. The 
location characteristics and constraints are evidently an important criterion in the choice 
of the new location. In addition to offering the opportunity to expand the business, other 
traits of the location, such as the soil structure and the manure pressure, influence the 
choice.  
“The quality of the soil is important: loamy soil compared to clay soil. Clay is perhaps 
slightly better in terms of yield, but harder in terms of tillage. … It’s easy to work with 
loamy soils, as an arable farmer, you have more possibilities here”. (Farmer) 
“It’s very easy here to settle the manure disposal, because there is a lot of arable land 
here. I can get rid of my manure in no time” (Farmer)  
When the location characteristics are significantly different from the conditions in the former 
farm location, the farmer must adapt to these differences, as attested by the following 
anecdote:  
“That soil is completely different. And those slopes.. I once lost my tractor, here in the 




fence, my tractor started to roll downhill. That’s something we weren’t used to: using the 
handbrake of the tractor in the field” (Farmer) 
The accessibility of the location, and the proximity of basic provisions in the neigborhood, 
are important decision criteria: “We didn’t want to be at the backside of the polder, because 
there, we would have to drive 10 km to bring the kids to the primary school. Here, they could 
go to school by bike” (Farmer) 
After relocation, most farmers actively engage and interact with their social environment 
in order to integrate into the community, for instance by actively participating in clubs and 
associations, or by opening their brand new firm to the general public during one day. 
Having school-age children might also ease this integration process. 
“That open day was the best day of my life, really. It created so much good will. We got to 
know so many people” (Farmer) 
“We were lucky to have neighbors with kids of the same age as our kids.” (Farmer) 
By contrast, when farmers face a hostile social environment, with local residents protesting 
or petitioning against their arrival, it severely affects their well-being: 
“I hope it will improve over time, but I’m afraid it won’t. Sometimes, you get angry and you 
think: ‘If you constantly attack me, then I’ll start to bite back.’ I hope that won’t be 
necessary. So far, we haven’t fought with anybody.” 
6.4 Discussion 
Our interviews with relocated farmers in Flanders and the Netherlands revealed similar 
factors of importance at both sides of the border, which enabled us to construct a modular 
overview of concepts important in farm relocation (Figure 6-2). Interviews with involved third 
parties supported these findings. We found no indication that farm relocations in the 
Netherlands run more smoothly than in Flanders, in contrast to what was suggested in the 
focus group discussion with experts of the Flemish Land Agency. Although we identified the 
concepts through Grounded Theory, without prior assumptions or expectations, there are 
considerable similarities with findings from other studies related to spatial planning and 
agriculture. In the coming following three sections, we explore these links, while the last 
section discusses certain aspects that are particularly challenging in the context of the 
Programmatic Approach to Nitrogen. Because of the explorative nature of this qualitative 
study, we cannot explicitly assess the effects of the identified factors on the outcome of 
farm relocation, nor the interrelationship between these factors. However, the findings 





6.4.1 Personal factors 
There is marked heterogeneity in farmer’s perspectives and experiences. Several 
respondents remarked that not everyone is suited for relocation. Indeed, farmers’ 
personality traits, attitudes, preferences and goals matter, just as these factors matter in 
the choice of farming method (Darnhofer et al., 2005; van Vliet et al., 2015). Similarly, the 
objection of “not being the right type of person” for doing a farm relocation is also often 
applied in the context of business reconversion options, such as diversifying production or 
starting the on-farm sale of products (Darnhofer et al., 2005, 2016). This type of objection 
has as much to do with values and beliefs as with personality (Darnhofer et al., 2005; 
Läpple and Kelley, 2013). Values, described by Neuvel and Van Der knaap (2010) as 
‘worldviews about the way things should be’, determine in part the support of farmers for 
the spatial plan at the basis of the relocation. In line with previous observations for the 
Netherlands (Boonstra, 2006; Holtslag-Broekhof et al., 2016) and Flanders (Bogaert, 2004), 
we found that most farmers are not convinced that the conversion of agricultural land to 
nature is in the public interest, in contrast to conversion to industrial, commercial or 
residential zones. In a qualitative study aimed at probing for factors that influence the 
acceptance of farmers towards nature conservation measures in Switzerland, Schenk et al. 
(2007) found that several farmers think that nature should mainly serve humans. In a study 
on the perception of rural landscapes, Rogge et al. (2007) concluded that farmers have a 
strong aesthetic preference for well-managed, tidy landscapes. These findings were later 
corroborated by Kohler et al. (2014), who found that farmers generally had a negative 
perception of undomesticated nature, a sentiment that was echoed by some of our 
respondents. From our results, it seems that, just as public acceptance is pivotal in the 
success or failure of landscape conservation measures (Schenk et al., 2007), it likewise has 
a decisive effect on the perceived success of farm relocation. 
The competence and skills of the farmers as entrepreneurs also have a decisive influence, 
because entrepreneurial farmers have a higher risk propensity profile, making them more 
likely to sell their land, and are quicker in realizing that a relocation creates new 
opportunities (Holtslag-Broekhof et al., 2014). Furthermore, Methorst et al. (2017) 
investigated differences in perceptions regarding farm development opportunities, 
concluding that these differences are crucial in strategic decision making: ‘the personal 
influence of the farmer as entrepreneurial actor cannot be separated from the identification 
of opportunities’. Also important for business development are the farmer’s age and the 
presence of a successor, factors that were already identified by Akimowicz et al. (2013) as 
favoring farm size growth. Lastly, in a quantitative study looking into farmers’ satisfaction 




characteristics significantly influence satisfaction with land consolidation, conclusions 
which we think can be translated to farm relocation based on our research.  
6.4.2 Distributive and procedural justice 
The financial and procedural aspects of farm relocation, discussed in Sections 6.3.2 and 
6.3.3, largely determine the perceived justice of farm relocation. A fair selling price and 
proper financial compensation came out as crucial factors for relocations that were 
perceived to be successful. As described earlier (Kerselaers et al., 2013; Holtslag-Broekhof 
et al., 2016), what is considered to be a fair compensation is largely in the eye of the 
beholder: while some farmers are satisfied with what they received, others claim it 
insufficiently compensates for the loss of their former farm. Inevitably, there is always an 
element of injustice related to land acquisition that cannot be resolved with a sufficiently 
high compensation fee (Holtslag-Broekhof et al., 2016). Furthermore, research on the 
landowners’ perception of land consolidation (Lisec et al., 2014) showed that doubts 
regarding the fair distribution of and valuation of consolidated land are a source of concern 
for many farmers. The issue of fair compensation is denominated in the literature as 
distributive justice (van der Veen et al., 2010; Kerselaers et al., 2013; Holtslag-Broekhof et 
al., 2016). What certainly contributes to the perception of a lack of distributive justice is the 
fact that people expropriated for urban or industrial development were reported to get a 
higher price for their property than farmers expropriated for nature. Another element that 
surfaced from the interviews is the option of land exchange or the offer of a new location, 
a possibility highlighted by some farmers to be preferred over financial compensation. It is 
not only perceived to be easier to negotiate about the exchange of land than about financial 
compensation, but it also eliminates the difficult step of searching for a new location. 
Moreover, a new location and new land provide more certainty to reach the farmers’ goal of 
continuing the farming activity than financial compensation (Kerselaers et al., 2013). 
However, this anticipative strategy (Holtslag-Broekhof et al., 2014) requires governments 
to purchase land or firms on the market to be offered to relocated farmers.  
In addition to the issue of a fair compensation, there is the issue of procedural justice, which 
does not refer to the outcome, but to the process (Kerselaers et al., 2013; Holtslag-Broekhof 
et al., 2016). Throughout the process of the farm relocation, farmers experienced a lack of 
proper guidance by the government, lingering uncertainty, and legal problems with 
getting permits on the new location, something that was perceived to be very unfair, given 
that they were forced to stop their business in the original location. The style of 
communication of the government towards the farmers caused anger and frustration, which 
decreases acceptance for the farm relocation. Earlier research showed that the mode of 




with regard to their acceptance (Schenk et al., 2007). The timing is thereby also important: 
the later in the process farmers are informed, the higher the likelihood they will adopt a 
critical or rejecting attitude (Schenk et al., 2007). Governments are advised to adopt a 
participatory approach and to pay attention to public awareness, communication and 
promotion of the process (Lisec et al., 2014; Stańczuk-Gałwiaczek et al., 2018). Lastly, the 
duration of the process was often named by the respondents to be too long, a finding 
identified earlier in other contexts, such as land consolidation in Galicia (Crecente et al., 
2002) and Slovenia (Lisec et al., 2014).  
6.4.3 Connection to place 
Physical location characteristics and constraints of both the original location and the 
new location were obviously important in all relocations, just as they are significant when it 
comes to land consolidation (Van Huylenbroeck et al., 1996; Aslan et al., 2007; Lisec et al., 
2014; Luo and Dallen, 2017). However, location characteristics go beyond the physical and 
spatial traits of the location. It includes the social environment and network farmers have 
to leave behind on the former location and have to build up in the new location. According 
to Wang et al. (2013), the relational wealth of relocated farmers is affected upon relocation, 
although relocation could also generate new network wealth. The ability to make and 
remake relations makes family farms more resilient and adaptable to change (Darnhofer et 
al., 2016). Furthermore, farmers are influenced by their social environment when taking 
the decision to relocate (Holtslag-Broekhof et al., 2014). Luo and Dallen (2017) found that 
membership of agricultural cooperatives and level of social support were important factors 
in the satisfaction of farmers towards land consolidation, in line with our findings related to 
the importance of the social environment and maintaining or building up a professional 
network. To limit their loss in relational wealth, some farmers go to great lengths to find a 
new location close to the former location, to maintain the existing professional network and 
frequent contacts with family and friends. For farmers ending up at a considerable distance 
from their former farm, being proactive in engaging with their new social environment is 
instrumental to having a good continuation of their business on the new location.  
A factor that reduces or counteracts the willingness to relocate is the emotional 
connection the original farm location, especially when the farm has been in the family’s 
ownership over different generations (Grubbström, 2011). The relationship between people 
and a certain spatial setting, in this case the location of the farm, is described in the literature 
as Sense of Place, comprising of the belief about the relationship between self and place, 
the attachment to the location, and the perceived dependence on the location (Jorgensen 
and Stedman, 2001). While Sense of Place is a strength in the case of resilience of 




our research clearly shows that it is an obstacle when it comes to farm relocation, in line 
with the observation that place attachment is a factor contributing to residential immobility 
(Clark et al., 2017). Among the farmers that were most satisfied after relocation were those 
that attributed a higher value to business expansion and development opportunities than to 
personal connection to the farming location.  
6.4.4 Farm relocation within the Flemish Programmatic Approach to Nitrogen 
The application of farm relocation as an instrument within the Flemish ammonia policy faces 
some specific challenges. Firstly, looking at the factors perceived to be important for 
relocation (Figure 6-2), there is only a limited playing field for government control. While the 
government has some control over the financial aspects and the process of farm relocation, 
it has limited influence on the farm- and farmer-specific aspects. A challenge specific to the 
Programmatic Approach to Nitrogen is the perceived low support among farmers for the 
rationale behind the policy, namely alleviating nitrogen deposition in Natura 2000 sites. The 
conversion of agricultural land to nature is already difficult to accept, but in the case of the 
PAS, it is not about the appropriated land that is converted to nature, but about neighbouring 
protected sites affected by livestock facilities. The results of alleviated nitrogen deposition 
are much harder to observe than the results of land conversion to nature, rendering the 
acceptance of the policy even more difficult. Furthermore, the impact of the farm on the 
habitats is calculated by means of atmospheric dispersion and deposition modeling. 
Previous research highlighted farmers’ concerns and doubts about the ability of models to 
accurately represent reality, especially in the absence of in-field inspection (Kalcic et al., 
2014). This might contribute to a lack of belief that the natural habitats will fare better when 
the farmer’s activities are halted at the original location. Moreover, there is no clear-cut 
strategy on the use of the appropriated land and buildings. The low support for the PAS in 
Flanders may also be due to negative experiences with agri-environmental policy in the 
past. For example, some Flemish farmers implementing agri-environmental schemes have 
seen the legal classification of their farmland changed to protect wildlife, posing significant 
restrictions on their farm management (Maertens, 2011; Mettepenningen et al., 2013). 
Because of such negative experiences, a lack of trust in the government concerning agri-
environmental issues became part of the cultural repertoire of the Flemish farmer 
(Maertens, 2011; Mcginnis, 2011; Mettepenningen et al., 2011). 
Farm relocation within the context of the PAS can be considered a consultative strategy, 
rather than an offensive strategy, deployed by the government, given the fact that farmers 
can choose from a list of alternatives to reduce their impact on the Natura 2000 sites. In 
theory, this allows for some flexibility in looking for solutions that fit the farmers best. 




compensation is a unilateral process, involving a land commission that does not consult 
with the farmer during the process. Such an approach was taken to ensure objectivity in 
financial remuneration from one farmer to the next (distributive justice), but comes at the 
cost of transparency and a lower perceived procedural justice (Salamon, 2002). This 
problem could be alleviated by better communication, for example through a guiding contact 
person that can provide information on the ongoing process (Kerselaers et al., 2013). 
Providing information on the damage of nitrogen deposition in natural sites, and 
demonstrating to farmers that their efforts in reducing this problem are effective, might also 
be useful to increase the legitimacy and perceived fairness (equity) of the policy (Salamon, 
2002; Mcginnis, 2011). However, the information should be easily related to practice, rather 
than be overly theoretical or academic (Schenk et al., 2007). 
Lastly, it is very frustrating for farmers to face legal issues regarding the applications for 
permits at the new location, especially given that permit issues at the former location were 
at the basis of their relocation. In this respect, a more anticipative acquisition strategy would 
allow the government to offer farmers a new location where there is ample room for 
development without deteriorating natural sites or sacrificing open space. Another option is 
the designation of agricultural development zones, specifically reserved for livestock farms 
(Driessen, 2005), combined with a natural phasing-out of livestock farming (by the outflow 
of retired farmers) in areas of high impact. Such an integrated approach or a more 
coordinated policy (Salamon, 2002) would potentially contribute to resolving the problem of 
nitrogen deposition, while at the same time offering the livestock sector perspectives for 
future development. The option of anticipative land acquisition is the more expensive option, 
while designating agricultural development zones would be quite challenging given the 
wider spatial planning difficulties in Flanders (Kerselaers et al., 2013). 
6.5 Conclusion 
Our in-depth interviews with relocated farmers in the Netherlands and Flanders allowed us 
to identify aspects that determine the perceived success or failure of farm relocation. Those 
aspects were subdivided into five main categories: (1) farm & firm; (2) financial aspects; (3) 
process; (4) old location; and (5) new location. The first category accounts for much of the 
heterogeneity observed in the different cases and falls mostly outside the control of the land 
purchaser. In the financial aspects and process, the government plays a more substantial 
role, with both categories largely determining the perceived justice of relocation. Lastly, the 
locational characteristics were found to be relevant, with the acknowledgment that these 
characteristics go beyond physical traits, having also a social and emotional dimension. Our 




nitrogen deposition in Natura 2000 sites. The first key point of attention is the lack of support 
for the rationale of the farm relocation, i.e. alleviating nitrogen deposition on natural habitats. 
A second challenge relates to the role of the government in informing and guiding farmers 
through the process of farm relocation. Lastly, the search of a new farming location can, 
because of legal uncertainty in terms of permits, be facilitated with a more anticipative land 













7.1 Research questions revisited 
In this section, we will review answers to each of the eight specific research questions listed 
in Section 1.7.2. 
1. Can we map the potential impact of ammonia emissions on protected natural 
areas? 
2. What are the geographical implications of the choice of indicator used to assess 
the impact of ammonia emissions?  
In Chapter 2, we developed impact maps, visualizing the potential impact of ammonia 
emissions on protected Natura 2000 sites. Strikingly, what is considered impactful depends 
on the indicator used to assess the impact. In Flanders, the impact is calculated based on 
the patch of Natura 2000 area that is most impacted by the emission source (Significance 
Score, Eq. 2.4, Section 2.2.6). In this dissertation, we present a second indicator (Aggregate 
Deposition Score, Eq. 2.3, Section 2.2.6) that is – just as the Significance Score – based 
on the ratio of the deposition to the critical load. In contrast to the Significance Score, it 
sums up the impact on all affected Natura 2000 areas, rather than merely looking at the 
area that is most affected. Looking at the impact map of the Significance Score, the indicator 
that is currently being used in Flanders, we observe large swaths of Flanders colored green 
(Significance Score <5%), including in the nature-rich East of the region (Figure 2-3). In 
each of these green patches, farms can acquire a permit for livestock facilities resulting in 
an emission of 5000 kg NH3 yr-1. It is only closer to Natura 2000 areas that such emission 
levels would be considered too impactful to be permitted. This means that in theory, a 
limitless number of stables can be built in these ‘green’ areas without restrictions imposed 
by the Programmatic Approach to Nitrogen. However, there are other policy restrictions that 
prevent an unlimited growth of livestock farms, such as the need to acquire nutrient 
emission rights (NERs) from other farms (Vlaamse Landmaatschappij, 2019). These NERs 
are actually tradable production quota for livestock. However, a production increase is still 
possible when a farm can process the excess of manure. The large proportion of ‘green’ 
area has implications for the effectiveness of the PAS: Cools et al. (2015) already stressed 
that 77% of the nitrogen deposition attributable to Flemish animal husbandry is attributable 
to farms with a significance score of below 5%. Furthermore, what appears to be equally 
impactful when only judging the Significance Score, can differ drastically when looking at 
the Aggregate Deposition Score (Figure 2-4). Indeed, a livestock farm in a green-colored 
area in the East of Flanders can be ten times as impactful as the same farm situated in a 
green-colored area in the nature-scarce West of Flanders when taking into account the total 





The choice of impact indicator has geographical implications. By applying the Significance 
Score, every patch of Natura 2000 area is taken into account, manifested by the fact that 
each area is surrounded by a red and orange band where the permitting of new livestock 
facilities is limited. These bands are similar to buffer zones that are implemented in Denmark 
(Hertel et al., 2013), with the notable difference that in the Danish case, the presence of 
other livestock farms in the vicinity influences the permitting decision (see Section 1.6.5). 
The downside to using the Significance Score is that it neglects the total number of Special 
Areas of Conservation affected. In this regard, the Aggregate Deposition Score would be a 
valuable alternative. However, using the Aggregate Deposition Score would favor livestock 
production in the West, discouraging production in the East. Because of that, smaller Natura 
2000 areas in the West would be less protected. Two arguments that favor the use of the 
Aggregate Deposition Score over the Significance Score are its higher spatial 
autocorrelation (Section 2.3.3) and its higher robustness towards the meteorological input 
used for the impact calculation (Section 5.4.1). The first argument relates to the likelihood 
of another farmer in the neighborhood having a similarly assessed impact: knowing that 
your direct neighbor faces similar constraints as you might enhance the perceived fairness 
of the policy. The second argument might be relevant in light of the low trust of farmers 
regarding modeling results (Kalcic et al., 2014). Both assumptions merit a closer 
investigation in the future.  
3. What is the optimal emission abatement option at the level of an individual farm? 
By means of mixed integer programming, we were able to identify the optimal stable type 
and optimal additional emission abatement technique for every stable in Flanders (Chapter 
3). The stable types and additional emission abatement techniques that the model can 
choose from are the same as the ones farmers can choose to reduce their emissions in the 
context of the Programmatic Approach to Nitrogen (ILVO, 2019). For farms that have a high 
impact because of their location, the model can decide to reduce the output (fewer animals), 
to close part of the farm, to adopt a low ammonia emission stable type (Table 3-1), to adopt 
an additional emission abatement measure (Table 3-2), or a combination thereof. This 
choice depends on the income of the farm: for more profitable farms, the emissions will be 
reduced by technical means, if these technical options are available for the farm types 
present. The choice of stable type and additional emission abatement aligns with the impact 
on Natura 2000 sites: the closer to Natura 2000 sites, the higher the presence of more 
expensive and effective emission abatement options, for example, the combination of a 
chemical air scrubber with floating balls in the manure pit in case of pig finishing farms. 




reflected in maps showing the emission abatement choice (Figures 3-4 to 3-6). The output 
of the model described in Chapter 3 could be used to advise individual farmers. 
4. Is the Flemish agricultural ammonia policy, based on the farm-level assessment of 
the significance of the impact, effective and efficient?  
The question of effectiveness relates to the objective of the policy, namely reducing the 
impact of livestock farms on protected Natura 2000 sites. Our modeling scenario that 
reflects the current policy (CP) of restricting the Significance Score of farms to 5% results 
in a reduction of the impact of 19.5% (taking into account Natura 2000 habitat types that 
are currently present, Table 4-2) to 26.1% (including anticipated habitats and provisional 
search areas, Table 3-4). However, in the Spatial Optimization scenarios, in which the 
model decides freely on emission abatement without individual impact constraints, the total 
impact is reduced further (from -34.9% to -40.2%), for a similar total abatement cost as in 
the current policy scenario. Furthermore, a considerable share (52.3%) of habitats still 
exceeds the critical load, compared to 45.5% in the Spatial Optimization scenario (Table 4-
2). This is a strong indication of the limited effectiveness of the current policy, even more so 
because in our Current Policy scenario, we strictly limit the Significance Score to 5%, while 
in reality, ‘orange’ farms (Significance Score of 5% to 50%) are allowed to operate, provided 
that there is no increase in the ammonia emissions. Furthermore, based on results 
displayed in Chapter 4, we have to acknowledge that what is effective for one habitat type, 
might not be effective for another, due to large differences in sensitivity to nitrogen 
deposition. Moreover, the current significance framework is absolutely insufficient for 
obtaining the long-term goal of zero-exceedance of critical loads. The issue of obtaining this 
long-term target is discussed below (research question 5). 
The question of efficiency concerns the costs of obtaining a certain environmental goal. In 
Chapter 3, we assessed whether it is possible to obtain the same environmental outcome 
as the Current Policy scenario, but at a lower cost or higher total benefit through spatial 
optimization (scenario SO2). Indeed, the emission abatement costs incurred to livestock 
farmers could be reduced from 47 million euros to 6 million euros for the same total impact 
as obtained by the current policy (Table 3-4). In Chapter 4, we performed gradual reduction 
scenarios, where the total NH3 emission and the total impact, respectively, are reduced in 
steps of 10%. Reducing emissions is more expensive than reducing the impact to a similar 
extent. This is no surprise, as a required percentage reduction in the impact can be obtained 
with a relatively lower percentage reduction in emission, if the reduction of the emissions 
occurs in places with a high impact. In other words, to tackle nitrogen deposition due to 
livestock emissions, it is cheaper to adopt a spatially differentiated policy than to impose 





costs when comparing different livestock subsectors. For poultry, small reductions in 
emissions or impact (10%) can even be obtained with negative abatement costs, because 
low ammonia emission stables for this sector are cheaper than the reference stable type. 
Of course, this conclusion only holds because of our assumption that all farmers have to 
replace their currently present stables in the long term (see Section 3.2.3.1). For other 
sectors, reducing the number of animals is, however, the only emission abatement option, 
such as the beef sector.  
5. What are the emission abatement costs for livestock farmers if the long-term target 
of non-exceedance of critical loads for nitrogen is to be met? 
Nitrogen deposition to natural areas is not exclusively due to livestock farming in proximity 
to these areas. The relative share of all contributing sectors (agriculture, transport, industry, 
import from abroad) differs between locations. In locations where the relative share of local 
livestock farming is large, targeting NH3 emissions by animal housing facilities can be 
sufficient to achieve non-exceedance of the critical load, while this may be impossible in 
other locations. In order to answer the question on the costs of achieving zero-exceedance 
of critical loads, we simulated a scenario in Chapter 4 where the reduction of the deposition 
attributable to local livestock should be proportional to the relative exceedance of the critical 
load (Section 4.2.3). If every contributing sector were to follow the same proportionate 
reduction approach for deposition, the critical load would no longer be exceeded. This 
Proportionate Reduction (PR) scenario allowed us to estimate the costs incurred to livestock 
farmers for achieving the zero-exceedance of critical loads objective, as set by the 7th 
European Environment Action Programme (The European Parliament and the council of 
the European Union, 2013) and the Flemish air policy plan (Vlaanderen Departement 
Omgeving, 2018). The abatement costs for livestock farmers would amount to 206 million 
euros per year. However, it is questionable whether this proportionate reduction of 
deposition is an appropriate policy choice, because it neither accounts for past emission 
reductions, nor for differences in abatement costs between different sectors, let alone for 
the societal importance of certain sectors.  
6. What is the sensitivity of the mixed integer optimization model, applied in Chapters 
3 and 4, towards key model parameters and assumptions?  
The sensitivity of our model towards the random allocation of farm locations (Section 
3.2.2.1) and gross margins (Section 3.2.2.4) was found to be limited. The sensitivity towards 
the meteorological input data was however identified as substantial. We compared the 
average meteorological year 2012 that was used in the model with the exceptionally dry 




less dominant prevalence of southwesterly winds. The calculated Significance Scores of 
the farms differed from one year to the other, with a different classification of farms as a 
consequence (Table 5-2, Section 5.4.1). Using multi-year meteorological data as input for 
the impact assessment, be it historical data or simulated data taking into account climate 
change, would make the significance framework more robust to differences in weather 
conditions from one year to another. We also identified a considerable sensitivity towards 
critical loads values used: a correction downwards, as suggested by Ceulemans et al. 
(2019) would inflate the abatement costs considerably (Figure 5.5).  
7. Which factors determine the outcome of farm relocation? 
8. What are specific challenges concerning farm relocation in the context of the 
Flemish ammonia policy? 
In Chapter 6, we identified a total of 21 concepts that determine the perceived success or 
failure of farm relocation, a policy instrument that is applied within the flanking policy of the 
Programmatic Approach to Nitrogen. Ten of these concepts are specific to the farmer and 
his business and display a considerable heterogeneity among the respondents of our 
qualitative study, for example, the farmers’ personality or the characteristics of the farm. 
The financial concepts, notably the purchase amount and compensation fees given to 
relocated farmers, largely determine the perception of distributive justice of farm relocation 
or the perceived fairness of financial compensation. The concepts related to the relocation 
process, such as information and guidance, and legal aspects, determine the procedural 
justice or the idea of being fairly treated throughout the procedure of farm relocation. Lastly, 
concepts related to both the old and the new location are also essential. These concepts 
are not limited to physical characteristics and constraints of the location but include the 
social environment and the personal connection to the place.  
These concepts apply to farm relocation in general, regardless of the spatial planning 
context that causes the relocation. In addition to this, we identified a number of specific 
challenges regarding farm relocation as an instrument within the Flemish ammonia policy. 
Firstly, limited understanding of and support for the rationale behind farm relocation - the 
alleviation of nitrogen deposition in Flanders - hampers acceptance for the policy, further 
aggravated by the importance of modeling (which is viewed with suspicion) in the 
procedure. Secondly, the fact that the valuation of the farm is a unilateral process executed 
by a land commission, rather than the result of a negotiation process, is an advantage when 
it comes to distributional justice, but decreases the perceived procedural justice because of 





7.2 Major limitations and possible avenues for future research 
Major limitations of this work provide opportunities for future research where these 
limitations are addressed. Therefore, limitations and future research are discussed together 
in this section. A first set of limitations is related to the scope of this study. We specifically 
focused on the spatially targeted reduction of ammonia, as part of the Programmatic 
Approach to Nitrogen in Flanders. The policy only tackles ammonia-emitting activities that 
require an environmental permit in Flanders, i.e. the housing of animals and the storage of 
manure. Other stages in the manure management chain, such as the transport and 
application of the manure to the land, are not targeted by the policy and therefore not 
discussed in this thesis. This is a major limitation: reduction of ammonia formation and 
volatilization in the stable and manure store result in a higher nitrogen content of the 
manure, which may lead to higher ammonia emissions later in the manure chain (Cowell 
and ApSimon, 1998; Sundrum, 2019). Furthermore, we did not take into account the 
interaction of ammonia emission mitigation and the emission of other compounds such as 
methane and nitrous oxide, although pollution swapping is a legitimate concern. The 
coupling of our model to manure allocation and crop production models could be a feasible 
next step in dealing with these limitations.  
Additionally, our study is confined to the boundaries of the Flemish region and does not 
account for emission or impact outside the borders of Flanders. However, the problem of 
nitrogen deposition does not stop at the border: natural areas outside Flanders are impacted 
by Flemish reactive nitrogen emissions, just as Flemish natural areas are impacted by 
emissions from beyond the study area boundaries. Our model could be geographically 
extended, using region-specific input data from other European regions, in order to shed 
light on transboundary nitrogen deposition. Another limitation is the omission of feeding 
strategies as an abatement option. At the time we designed our mixed integer model 
outlined in Chapter 3 in 2017, the reduction of crude protein as ammonia emission 
abatement strategy was not yet listed as an officially recognized measure to reduce on-farm 
ammonia emissions. As of 2019 however, the reduction of crude protein in animal diet is 
now officially recognized for finisher pigs (5-20% emission reduction), laying hens (7-12% 
emission reduction) and broilers (15-25%) (ILVO, 2019), indicating that feeding strategies 
are now part of the Flemish Programmatic Approach to Nitrogen. Integrating dietary 
strategies into our analysis is a logical next step in further developing our model, while new 
low ammonia emission stable types and end-of-pipe emission abatement techniques can 




We simulated the optimal emission abatement for all livestock farms in Flanders. However, 
we fell short of discussing policy options that can bring this optimal emission abatement into 
practice, rendering our work largely a theoretical exercise. Economic instruments, such as 
trading schemes or environmental taxes, are considered to be more efficient for pollution 
control than regulatory instruments such as enforcing emission limits (OECD, 2007). In 
theory, tradable permits are an efficient instrument to solve the problem of negative 
externalities, under the assumption of perfect market conditions (Ermoliev et al., 2000). 
However, in case of a spatially heterogeneous pollution problem, emission hot spots can 
occur as a result of permit trading. Therefore, instead of regular ammonia emission trading, 
permit trading could be based on concentrations, with a concentration permit based on the 
amount of ammonia deposited at a specific receptor. In Chapter 3, we made the case that 
the region-level profit maximization under impact constraints is the same as individual farm 
profit maximization, assuming a perfect market (Section 3.4). Following this reasoning, the 
Spatially Optimal scenarios in Chapter 3 and Chapter 4 are concentration permit trading 
scenarios. However, permit trading schemes are far from perfect and entail high transaction 
costs for setting up and implementing the regulation (Lehmann, 2012). Taking into account 
these transaction costs would make our alternative policy scenarios more realistic and 
would allow bridging the gap between theory and practice. Earlier work by Van Der Straeten 
et al. (2011) indicates that the current implementation of fertilization standards to deal with 
nitrogen pollution in the Flemish region could be considered as a system of tradable 
concentration permits. This shows that the practical implementation of such a system is 
possible. Alternatively, a spatially differentiated emission charge could be considered. 
Lungarska and Jayet (2018) investigated the option of spatially-differentiated nitrogen taxes 
for the control of nitrate pollution in French water bodies, with the level of taxation depending 
on the vulnerability of the water catchment and the pressure from farming activities in the 
catchment. A similar emission charge could be designed for nitrogen deposition, depending 
on the vulnerability of the Natura 2000 Special Areas of Conservation that are affected.  
Regarding the flanking policy of the Programmatic Approach to Nitrogen, we solely focused 
on farm relocation (Chapter 6). Additional research is needed to assess the transferability 
of our findings on farm relocation to other flanking policy options such as farm reconversion 
and farm closure. Lastly, nitrogen deposition is not the only pollution problem related to 
ammonia emissions. The effect of ammonia emissions on particulate matter formation are 
well-known. Taking into account health effects of ammonia through PM formation, would 






7.3 General considerations and implications for policy making 
The main objective of this dissertation was to obtain insights into the spatially differentiated 
control of ammonia emissions in Flanders through the Programmatic Approach to Nitrogen. 
More specifically, we focussed on the part of the policy program that targets livestock farms 
with a high deposition impact on Natura 2000 habitats. Throughout the dissertation, we 
analyzed how the significance of the impact is assessed, we evaluated the effectiveness 
and efficiency of restricting the environmental licensing of farms with a high impact, and we 
looked into the flanking policy option of farm relocation. 
The Flemish Programmatic Approach to Nitrogen (PAS) came into being in response to the 
European Habitats Directive, more specifically with the aim of making Flanders compliant 
with requirements put forward in Article 6 of that directive (Section 1.5.1). Whether 
compliance to Article 6 is met by the PAS is a largely juridical question that falls outside the 
objectives of this dissertation. A key issue is that nitrogen deposition is not explicitly 
mentioned in the Habitats Directive. The Directive only specifies that good conservation 
status for Natura 2000 sites should be achieved, that there is no further deterioration of the 
sites, and that an appropriate assessment is required for plans and projects that are likely 
to have a significant effect on the sites (The Council of the European Union, 1992). 
However, no strict deadline to achieve these goals is put forward in the Directive 
(Schoukens, 2018). This vagueness leaves room for interpretation by member states. If 
challenged in front of court, it is up to national courts and – ultimately – to the Court of 
Justice of the European Union to judge on the suitability of the national policy in meeting 
the requirements of the Habitats Directive. In the Netherlands, the Dutch Programmatic 
Approach to Nitrogen was judged by the Council of State to insufficiently guarantee an 
improvement of the conservation status of involved habitats (VILT, 2019a). Whether the 
Flemish Programmatic Approach will survive juridical scrutiny if challenged for court, 
remains an open question (Schoukens, 2019). Based on our research, we can confidently 
state that the track of the PAS that consists of additional emission reduction measures for 
firms having a high impact on Natura 2000 habitats is insufficient to achieve non-
exceedance of critical loads, which effectively means that the objectives of a good 
conservation status and no further deterioration of the Natura 2000 sites are currently not 
met.  
A more explicit description of legal requirements concerning nitrogen deposition, embedded 
in the Habitats Directive, could have avoided much of the legal uncertainty surrounding 
ammonia policies of European member states. Furthermore, the way the problem of 




directives as instigating a clash between nature conservation and economic activities 
(Ferranti et al., 2019). Better integration of nature conservation with agriculture, be it in the 
Common Agricultural Policy, in the nature legislation, or in both, could provide a way out of 
this traditional binary thinking, for example by providing subsidies for habitat management 
by farmers or payments for ecosystem services. More systematic cooperation between 
government agencies and sector organizations responsible for nature conservation and 
environmental quality on the one side and agriculture and economic development on the 
other side would also partially alleviate this issue. Alternatively, the problem of ammonia 
emissions from agriculture can be tackled in a more holistic approach, for example by 
setting standards for the Nitrogen Use Efficiency of agricultural production. 
From a governance point of view, the desired behavioral change of farmers should not just 
be initiated by economic incentives or regulation. First and foremost, since farmers have a 
clear preference for clean and well-managed landscapes (Rogge et al., 2007) and a 
negative perception of undomesticated nature (Kohler et al., 2014), more efforts should be 
directed to convincing them of the value of nature conservation in general. In addition, the 
policy should build on the internal motivation of farmers for lowering their environmental 
impact, enhanced through social pressure and education (Lam et al., 2017). This could be 
achieved by better explaining the rationale and need behind the policy, and individually 
consulting with farmers to find the most fitting solution to abate emissions, or designing an 
integrated approach where actions of different stakeholders are aligned with each other. 
We believe that the way in which the Programmatic Approach to Nitrogen is currently 
designed does not fully harness this potential.  
The concept of critical loads is crucial to the way the agricultural ammonia policy is 
implemented in Flanders. As discussed earlier, if the currently applied critical loads were to 
be adjusted downwards, emission abatement costs would increase considerably. The 
importance of the critical loads also brings to mind how critical the delineation of Natura 
2000 habitats is to livestock farms in the vicinity to these habitats. Not only the mere 
presence of Natura 2000 habitat types is crucial, but also the sensitivity of these habitats: if 
the government envisions the protection of sensitive habitat types over less sensitive habitat 
types, the permitting of livestock facilities in the neighborhood becomes more restrictive. 
Lastly, even though non-exceedance of critical loads is far from being achieved with the 
current policies in Flanders, zero-exceedance is not necessarily sufficient to obtain good 
conservation status of habitats in the near future, due to the slow recovery of ecosystems 
(Stevens, 2016; Payne et al., 2019).  
Although the focus of this dissertation is entirely directed to agricultural ammonia emissions, 





nitrogen deposition. In 2018, approximately half (49%) of the nitrogen emission in Flanders 
was ammonia from agriculture, and a third (34%) was nitrogen oxides from traffic (Vlaamse 
Milieumaatschappij, 2019a). Looking at the contribution to the deposition to natural areas, 
48% of the nitrogen deposited in Flemish Natura 2000 areas originate from emissions 
outside the borders of Flanders, while 38% is attributable to agriculture and 9% to traffic 
(Vlaamse Milieumaatschappij, 2019b). With these numbers in mind, it is important to 
complement policy actions directed at the agricultural sector with policies aimed at other 
sectors contributing to the problem of nitrogen deposition. This would not only improve the 
effectiveness regarding critical load exceedance but would also improve the willingness of 
the agricultural sector to accept stringent measures. In this regard, it is perhaps not 
surprising that the Dutch government recently imposed a speed restriction of 100 km per 
hour on the highways (VILT, 2019b), especially in the light of massive farmers’ protest 
against new nitrogen restrictions for the agricultural sector (VILT, 2019c). 
The problem of ammonia deposition is characterized by a high number of polluters on the 
one hand and a high degree of heterogeneity in terms of impact on the other hand. Typically, 
in the face of such a spatially heterogeneous pollution problem, governments opt for 
spatially differentiated policies, by tailoring the emission restrictions according to local 
conditions (Perino and Talavera, 2013). Examples include the control of sulphur dioxide 
emissions to decrease acid rain (Perino and Talavera, 2013), the ban of heavy diesel 
vehicles in low-emission zones in cities (Ellison et al., 2013), and the establishment of 
restrictions to farmers in zones that are vulnerable to nitrate leaching (Collins et al., 2016). 
By specifically targeting livestock farms with a high impact on Natura 2000 areas, the 
Programmatic Approach to Nitrogen is also a clear example of spatially differentiated 
pollution control. In this regard, this doctoral dissertation generally contributes to the 
literature on spatially differentiated pollution control. Applicable insights following from our 
research are the importance of the choice of indicator to assess the heterogeneous impact 
and the usefulness of impact mapping in the early stages of drafting a spatially differentiated 
policy, which would assist in identifying the most appropriate indicator to be used for impact 
assessment.  
Specifically for the problem of ammonia deposition to natural areas, we deem the Aggregate 
Deposition Score to be a better reflection of the total damage across Special Areas of 
Conservation, and would, therefore, advise using this indicator to assess the significance 
of plans and projects entailing ammonia emissions. However, being aware that this indicator 
is less effective in protecting small, isolated Natura 2000 areas, we would still recommend 
to use the Significance Score, as a ‘backstop’ to protect smaller patches of protected nature. 




wider context, given the fact that farms below this threshold contribute 77% of the deposition 
attributable to Flemish livestock farming (Cools et al., 2015). In the original legislation, the 
threshold for ‘orange’ farms was a Significance Score of 3% instead of 5% (Boerenbond, 
2016). Furthermore, these ‘orange’ farms were obliged to reduce their emissions by 30% 
(Boerenbond, 2016). After a revision of the policy in 2016, the threshold was not only raised 
to 5%, the emission reduction requirement was also abolished. In the latest version of the 
policy, ‘orange’ farms are allowed to expand their business, as long as ammonia emissions 
do not increase (Kenter bvba, 2018). Furthermore, they can rely on subsidies of the flanking 
policy to finance emission abatement measures. Although an increase of ammonia 
emissions is avoided with this policy, one could argue that it might contribute to the increase 
of other livestock-related emissions such as methane and nitrous oxide.  
A wider societal debate on livestock numbers is gaining momentum, primarily as part of 
discussions on greenhouse gas emissions and their effects on the climate. However, the 
relative share of livestock farming in reactive nitrogen mobilization (63%, Pelletier and 
Tyedmers, 2010) is much more pronounced than its share in greenhouse emissions (14.5%, 
Gerber et al., 2013). Our research shows that reducing nitrogen deposition to levels below 
the critical loads will require a reduction in livestock numbers. The required reduction can 
be achieved in part through future technological innovations in emission abatement and 
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9 Appendix 1 
Supplementary data for Chapter 3  
Farm types 
Table 9-1. Allocation of farm types. The share of the total profit shown in the right column is applicable 
to the Full Capacity scenario (FC).  
Sector Farm Type Allocation Share of total profit (%) 
Cattle Dairy #Dairy Cows > 0 39.53% 
Closed Beef Production #Suckler Cows >  0 12.93% 
Beef Bulls Not Closed Beef Production AND  
#Beef Bulls > 0 
3.17% 
Veal #Finisher Calves > 0 0.92% 
Pigs Closed Pig Production #Nursing Sows > 0 AND #Other 
Sows > 0 AND 
#Finisher Pigs > 0 AND  
0.2 < (#Nursing Sows + #Other 
Sows)/#Finisher Pigs < 0.333 
5.02% 
Pig Rearing #Nursing Sows > 0 NOT Closed 
Pig Production 
6.66% 
Pig Finishing #Finisher Pigs > 0 NOT Closed Pig 
Production 
18.71% 
Poultry Laying Hens #Laying Hens > 0 3.89% 
Broilers #Broilers > 0 5.17% 




Parents Broilers #Parents Broilers > 0 1.22% 
Rearing Laying Hens #Rearing Laying Hens > 0 0.58% 
Turkeys #Turkeys > 0 0.31% 
Others Sheep #Adult Sheep > 0 0.57% 
Goats #Adult Goats > 0 0.90% 
Average gross margin and standard deviation per farm type 
Table 9-2. Average Gross Margin and Standard Deviation per farm type. Gross margins are farm 
type averages provided to us by the Flemish Department of Agriculture and Fisheries, except those 
marked with an asterisk (*), which are from Wageningen Livestock Research (Blanken et al., 2017). 
Farm Type Animal Category Year Gross Margin 
(€) 
Standard Deviation (€) 
Closed Pig Production Sow 2009 602.25 260.76 
2010 587.73 260.82 
2011 519.28 234.65 
2012 632.36 311.49 
2013 442.54 254.42 
2014 393.18 282.46 
2015 349.23 244.84 
Pig Finishing Finisher Pig 2009 49.50 24.66 
2010 53.31 25.56 
2011 51.73 22.40 
2012 53.68 28.44 
2013 37.14 23.15 
 




2014 35.03 24.71 
2015 37.59 23.95 
Pig Rearing Sow 2009 206.75 139.43 
2010 140.73 129.07 
2011 95.47 121.45 
2012 206.92 152.88 
2013 152.26 141.17 
2014 125.50 161.73 
2015 64.40 173.43 
Dairy Dairy Cow 2009 984.56 348.28 
2010 1407.12 367.90 
2011 1483.61 402.04 
2012 1142.12 372.03 
2013 1615.77 425.11 
2014 1474.86 379.68 
2015 1066.06 339.90 
Closed Beef Production Suckler Cow 2009 775.73 378.22 
2010 743.28 389.34 
2011 510.78 391.88 
2012 524.34 466.32 




2014 556.70 592.36 
2015 589.64 462.13 
Beef Bulls Beef bull 2009 395.76 203.78 
2010 373.11 259.12 
2011 286.23 301.57 
2012 373.02 246.25 
2013 390.13 281.37 
2014 318.12 294.21 
2015 299.28 271.80 
Veal* Finisher Calf KWIN 50.00 16.67 
Laying Hens Laying Hen 2009 3.88 2.18 
2010 4.34 0.67 
2011 4.99 4.41 
2012 7.68 2.43 
2013 2.17 3.49 
2014 4.95 0.54 
2015 5.55 1.12 
Broilers Broiler 2009 2.09 0.72 
2010 2.32 1.10 
2011 1.79 0.90 
2012 1.87 1.02 
 




2013 1.83 0.75 
2014 2.17 1.17 
2015 3.04 1.19 
Rearing Laying Hens* Rearing Laying Hen KWIN 1.83 0.61 




Parents Broilers* Parent Broiler KWIN 6.13 2.04 
Turkeys* Turkey KWIN 7.71 2.57 
Sheep* Sheep KWIN 111.25 37.08 
Goats* Goat KWIN 246.85 82.10 
 
Overview of sets, parameters, and variables mentioned in the 
model description 
Table 9-3. Overview of sets mentioned in the model description. 
Symbol Name Definition Dimension 
s Stable All stables housing livestock in Flanders 1 
st Stable type All stable types included in the model 1 
𝑆𝑡𝑎𝑏𝑙𝑒𝐶ℎ𝑜𝑖𝑐𝑒𝑠𝑠,𝑠𝑡 Allowed 
stables  






All additional emission abatement measures 
included in the model 
1 
f Farm All farms housing livestock in Flanders 1 
𝑆𝑡𝑎𝑏𝑙𝑒𝐹𝑎𝑟𝑚𝑠𝑠,𝑓 Stables per 
Farm 






Table 9-4. Overview of parameters mentioned in the model description. 
Symbol Definition 
𝐸𝐹𝑎𝑐,𝑠𝑡 Emission factor specific for animal category ac and stable type st 
𝑃𝑠,𝑎𝑐 Maximally allowed animals of animal category ac in stable s 
𝐸𝑅𝑚 Percentage reduction in emissions by applying additional emission abatement measure m 
𝐼𝑅𝑓,𝑎𝑐,𝑎𝑐′ Initial ratio of young animals to adult animals at farm level 
𝑌𝐶𝑎𝑐,𝑠𝑡 The annual additional cost of a Low Ammonia Emission Stable of stable type st, per animal of 
animal category ac 
𝑌𝐾𝑎𝑐,𝑚 The annual additional cost of additional emission abatement measure m, per animal of animal 
category ac 
𝐺𝑀𝑓,𝑎𝑐 Gross margin of farm f per animal of animal category ac  
𝐴𝐷𝑆𝑓 Aggregate Deposition Score of farm f, for an emission of 5000 kg NH3 yr
-1 




Table 9-5. Overview of variables mentioned in the model description. 
Symbol Definition 
𝜈𝑠,𝑠𝑡 Choice of stable type st for stable s (binary) 
𝛽𝑠,𝑚 Choice of additional emission abatement measure m for stable s (binary) 
𝜀𝜎𝑠,𝑠𝑡 The emission of stable s without additional emission reduction 
𝛼𝑠,𝑎𝑐 Number of animals of animal category ac present in stable s 
𝜀𝜌𝑠,𝑚 Absolute emission reduction in stable s obtained with measure m 
ε𝑠 Total emission of stable s 
εφ𝑓 Total emission of farm f 
ετ Total ammonia emission for the region of Flanders 
 




αφ𝑓,𝑎𝑐 Number of animals of animal category ac present on farm f 
𝜅𝜎𝑠,𝑠𝑡 Annual additional cost of a Low Ammonia Emission Stable 
𝜅𝜌𝑠,𝑚 Annual additional cost of additional emission abatement measures 
𝜅𝑠 Emission abatement cost for stable s 
κφ𝑓 Emission abatement cost for farm f 
ηφ𝑓 Revenue for farm f 
πφ𝑓 Profit for farm f 
𝜋𝜏 Total profit in Flanders for the region of Flanders 
𝜄 Total impact of ammonia deposition in protected Natura 2000 sites in Flanders 
 
Linearization of non-linear equations  
Linearization of Eq. 3.6 
 





𝜀𝜎𝑠,𝑠𝑡 ≤ 𝜈𝑠,𝑠𝑡 ∗  𝑊𝐶𝑠 
 
(9.2) 
𝜀𝜎𝑠,𝑠𝑡 ≤ εσ’𝑠,𝑠𝑡  
 
(9.3) 
𝜀𝜎𝑠,𝑠𝑡 ≥ εσ’𝑠,𝑠𝑡 − (1 − 𝜈𝑠,𝑠𝑡) ∗ 𝑊𝐶𝑠  (9.4) 
The auxiliary variable εσ’𝑠,𝑠𝑡 represents the total emission for all possible stable types of a 
stable. The parameter 𝑊𝐶𝑠 represents the Worst Case emission for all stables (the worst 




Linearization of Eq. 3.8 







𝜀𝜌𝑠,𝑚 ≤ 𝛽𝑠,𝑚 ∗  𝑊𝐶𝑠 
 
(9.6) 
𝜀𝜌𝑠,𝑚 ≤ ερ’𝑠,𝑚  
 
(9.7) 
𝜀𝜌𝑠,𝑚 ≥ ερ’𝑠,𝑚 − (1 − 𝛽𝑠,𝑚) ∗ 𝑊𝐶𝑠  (9.8) 
Auxiliary variable 𝜀𝜌′𝑠,𝑚 represents the emission reduction for all possible abatement 
measures.  
Linearization of Eq. 3.14 
 














𝜅𝜎′𝑠,𝑠𝑡 − ((1 − 𝜈𝑠,𝑠𝑡) ∗ 𝑀𝐴𝑋𝐶) ≤ 𝜅𝜎𝑠,𝑠𝑡 ≤ 𝜅𝜎
′
𝑠,𝑠𝑡 − ( (1 − 𝜈𝑠,𝑠𝑡) ∗ 𝑀𝐼𝑁𝐶) 
(9.12) 
 








𝑠,𝑠𝑡 + ( (1 − 𝜈𝑠,𝑠𝑡) ∗ 𝑀𝐴𝑋𝐶) 
 
(9.13) 
Equation 3.14 is linearized through supplementary Equations 9.11-9.15, using auxiliary 
variable 𝜅𝜎′𝑠,𝑠𝑡 (the cost of all possible LAES). Note that 𝜅𝜎𝑠,𝑠𝑡 can be negative (cost saving 
compared to reference stable type) for some LAES. Parameter MINC is the minimal cost of 
the LAES. For farm types for which LAES exist that provide net savings compared to non-
LAES, MINC is negative. For other farm types, MINC equals zero. Parameter MAXC is the 
maximal cost of the LAES, the cost of the most expensive LAES for the full capacity situation 
(maximally allowed animals). 
Linearization of Eq. 3.15 





𝜅𝜌𝑠,𝑚 ≤ 𝛽𝑠,𝑚 ∗  𝑀𝐾𝑠 
 
(9.15) 
𝜅𝜌𝑠,𝑚 ≤ κρ’𝑠,𝑚  
 
(9.16) 
𝜅𝜌𝑠,𝑚 ≥ κρ’𝑠,𝑚 − (1 − 𝛽𝑠,𝑚) ∗ 𝑀𝐶𝑠  (9.17) 
 
Eq. 3.15 is linearized in Suppl. Eq. 9.16-9.19, with auxiliary variable 𝜅𝜌′𝑠,𝑚 and parameter 







Results split according to farm type 
 
Figure 9-1. Total emission split according to farm type. Scenario FC (Full Capacity). 
 
 
Figure 9-2. Total impact split according to farm type. Scenario FC (Full Capacity). 
 
 











10 Appendix 2          
Supplementary data for Chapter 4  
Table 10-1. Main model outputs.  
Level Total number Main output variables Unit 
Emission source (animal housing) 
Stable 44540 Emission 
Number of Animals 
Abatement Cost 
Stable occupation 




Farm 23408 Emission 
Number of Animals 
Abatement Cost 
Profit 
Aggregate Deposition Score 





Animal Category 38 Total Number of Animals None (scalar) 
Farm Type 15 Emission 
Profit 
Aggregate Deposition Score 
Number of closed stables 
Number of closed farms 





Sector 5 Emission 
Profit 
Aggregate Deposition Score 
kg NH3 yr-1 
€ 
None (scalar) 
Stable Type 84 Number of Stables per Stable Type None (scalar) 
Additional Emission 
Abatement 
6 Number of times additional emission 
abatement option is applied 
None (scalar) 
Receptor (protected habitats) 
Protected Habitat 71787 Total Deposition 
Deposition from local sources 
Habitat Class 
Abatement Cost  
kg N ha-1 yr-1 
kg N-NH3 ha-1 yr-1 
None (categorical) 
€ ha-1 yr-1 
Habitat Type 42 Total hectares per habitat class 
Average Total Deposition 
Critical Load exceedance 
None (scalar) 





Habitat Class 4 Total hectares per habitat class None (scalar) 
Natura 2000 area 38 Total hectares per habitat class 
Average Total Deposition 
Critical Load exceedance 
None (scalar) 
Kg N ha-1 yr-1 
% 
Administrative unit  
Municipality 308 Emission 
Profit 
Aggregate Deposition Score 
Abatement Cost 




Region 1 Emission 
Profit 
Aggregate Deposition Score 
Number of closed stables 
Number of closed farms 
Abatement Cost 
Average Total Deposition 
Critical Load exceedance 






kg N ha-1 yr-1 
% 
 
Table 10-2. Emission abatement cost allocation per habitat. The table shows the principle of cost 
allocation per habitat, with a fictional example of two farms (F1 and F2), and 3 habitats (H1, H2, H3). 
F1 has an impact on H1, H2 and H3. F2 has an impact on H1 and H2. 
Farm Abatement 
Cost Farm 
Habitat Deposition Fraction of Deposition Abatement Cost 
Habitat 
F1 ACF1 H1 DepF1,H1 FF1,H1 = DepF1,H1 / (DepF1,H1 + 
DepF1,H2 + DepF1,H3) 
ACF1,H1 = FF1,H1 * ACF1 
  H2 DepF1,H2 FF1,H2 = DepF1,H1 / (DepF1,H1 + 
DepF1,H2 + DepF1,H3) 
ACF1,H2 = FF1,H2 * ACF1 
  H3 DepF1,H3 FF1,H3 = DepF1,H1 / (DepF1,H1 + 
DepF1,H2 + DepF1,H3) 
ACF1,H3 = FF1,H3 * ACF1 
F2 ACF2 H1 DepF2,H1 FF2,H1 = DepF2,H1 / (DepF2,H1 + 
DepF2,H2 + DepF2,H3) 
ACF2,H1 = FF2,H1 * ACF2 
  H2 DepF2,H2 FF2,H2 = DepF2,H1 / (DepF2,H1 + 
DepF2,H2 + DepF2,H3) 
ACF2,H2 = FF2,H2 * ACF2 
      
Abatement Cost H1 ACH1 = ACF1,H1 + ACF2,H1 
Abatement Cost H2 ACH2 = ACF1,H2 + ACF2,H2 
Abatement Cost H3 ACH3 = ACF1,H3  
  




Figure 10-1. Distribution of habitat classes for 42 habitat types occurring in Flanders. FC: Full 
Capacity. CP: Current Policy. SO: Spatial Optimization. PR: Proportionate Reduction. 1130: 
Estuaries. 1140: Mudflats. 1310: Salicornia and other annuals colonizing mud and sand. 1320: 
Spartina swards (Spartinion maritimae). 1330: Atlantic salt meadows (Glauco-Puccinellietalia 
maritimae). 2110: Embryonic shifting dunes. 2130: Fixed coastal dunes with herbaceous vegetation 
(“grey dunes”). 2160: Dunes with Hippophaë rhamnoides. 2170: Dunes with Salix repens ssp. 
Argentea (Salicion arenariae). 2180: Wooded dunes of the Atlantic, Continental and Boreal region. 
2190: Humid dune slacks. 2310: Dry sand heaths with Calluna and Genista. 2330: Inland dunes with 
open Corynephorus and Agrostis grasslands. 3130: Oligotrophic to mesotrophic standing waters with 
vegetation of the Littorelletea uniflorae and/or of the Isoëto-Nanojuncetea. 3140: Hard oligo-
mesotrophic waters with benthic vegetation of Chara spp. 3150: Natural eutrophic lakes with 
Magnopotamion or Hydrocharition – type vegetation. 3160: Natural dystrophic lakes and ponds. 
3260: Water courses of plain to montane levels with the Ranuncolion fluitantis and Callitricho-
Batrachion vegetation. 3270: Rivers with muddy banks with Chenopodion rubri p.p. and Bidention 
p.p. vegetation. 4010: Northern Atlantic wet heaths with Erica tetralix. 4030: European dry heaths. 
5130: Juniperus communis formations on heaths or calcareous grasslands. 6120: Xeric sand 
calcaceous grasslands. 6210: Semi-natural dry grasslands and scrubland facies on calcareous 
substrates (Festuco-Brometalia). 6230: Species-rich Nardus grasslands. 6410: Molinia meadows on 
calcareous, peaty or clayey-silt-laden soils. 6430: Hydrophilous tall herb fringe communities. 6510: 
Lowland hay meadows (Alopecurus pratensis, Sanguisorba officinalis). 7110: Active raised bogs. 
7140: Transition mires and quaking bogs. 7150: Depressions on peat substrates of the 
Rhynchosporion. 7210: Calcareous fens with Cladium mariscus and species of the Caricion 
davallianae. 7230: Alkaline fens. 9110: Luzulo-Fagetum     beech forests. 9120: Atlantic acidophilous 
beech forests with Ilex and sometimes also Taxus in the shrublayer. 9130: Asperulo-Fagetum beech 
forests. 9150: Medio-European limestone beech forests of the Cephalanthero-Fagion. 9160: Sub-
Atlantic and medio-European oak or oak-hornbeam forests of the Carpinion betuli. 9190: Old 
acidophilous oak woods with Quercus robur on sandy plains. 91E0: Alluvial forests with Alnus 
glutinosa and Fraxinus excelsior. 91F0: Riparian mixed forests of Quercus robur, Ulmus laevis and 
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